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ABSTRACT 
Circular reinforced concrete (RC) members are often used in civil engineering structures, 
for instance, as piers and piles in bridge substructures. Also, their applications are 
frequently utilized as a fender and piling system for harsh water front and marine 
environments. Such members are usually reinforced with conventional steel bars and 
stirrups. Corrosion of steel reinforcement constitutes one of the major problems that 
shorten the lifetime serviceability and, hence, brittle failure of many concrete structures 
worldwide. In the last decade, the use of fiber reinforced polymer (FRP) materials has 
been growing to solve some of these problems and increase the anticipated service life of 
RC structures, such as bridges, parking garages, tunnels, and marine structures. Recently, 
the use of FRP bars in soft-eyes, which are openings in retaining walls that will be 
pierced by tunnel boring machines (TBMs), is gaining popularity in the field of tunnel 
excavation. 
In recent years, the shear behavior of RC members reinforced with FRP bars has been the 
focus of many studies. Accordingly, several codes and design guidelines are available for 
the design of concrete structures reinforced with FRP bars under shear loads. These codes 
and design guidelines were developed based on experimental work on rectangular 
concrete members reinforced with FRP bars and stirrups. Yet, no research seems to have 
assessed circular concrete members reinforced with FRP bars and spirals under shear 
loads.  
In this research study, an experimental program was designed to investigate the shear 
behavior of circular members reinforced with glass FRP (GFRP) and carbon FRP (CFRP) 
bars, and spirals. A total of twenty full-scale circular RC specimens, with a total length 
3,000 mm and 500 mm in diameter, were fabricated and tested experimentally under 
shear load.  The specimens were divided to five series; series I contains two reference 
steel-RC specimens with and without spiral reinforcement. Series II contains three 
specimens internally reinforced with GFRP longitudinal bars and without spiral 
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reinforcement. Series III contains five specimens reinforced with GFRP longitudinal bars 
and spirals (Type I). Series IV includes six specimens reinforced with GFRP bars and 
spirals (Type II), while series V includes four specimens totally reinforced with CFRP 
reinforcement. The experimental tests were performed at the structural laboratory, 
Faculty of Engineering, University of Sherbrooke. The main objective of testing these 
specimens is to investigate the behavior of circular concrete members reinforced with 
GFRP or CFRP longitudinal bars and transverse spirals reinforcement. Several 
parameters have been studied; type of reinforcement, longitudinal reinforcement ratio, 
shear reinforcement ratio (spiral diameter and spacing), and shear-span-to-depth ratio. 
The test results of the tested specimens were presented and discussed in terms of load 
deflection response, crack patterns and modes of failure, ultimate shear capacities, 
concrete, longitudinal, and spiral strains, effectiveness of FRP spirals, and beam action 
versus arch action through four journal papers in this dissertation. In addition, an 
analytical investigation was conducted to evaluate the validity and accuracy of available 
FRP shear design equations in codes and design guidelines, and to determine whether 
certain modifications should be introduced in order to make them suitable for circular 
concrete members reinforced with FRP bars and spirals. The tested specimens were also 
analysed using Response 2000 (R2K), which is based on the modified compression field 
theory (MCFT). Based on the finding of this investigation, the shear capacity of FRP-RC 
members with circular sections may be determined with the approaches developed for 
rectangular sections provided that certain modifications are made to take into account the 
effective shear depth, equivalent breadth, the mechanical properties and geometry of 
GFRP or CFRP spirals. Furthermore, a new equation was introduced to quantify the 
spirals contribution (Vsf) in circular concrete members to account for FRP spiral 
inclination, curvature, and strength reduction as a result of the stretching process. The 
proposed equation provided more reasonably accurate predictions. 
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RÉSUMÉ 
Les éléments circulaires en béton armé sont largement utilisés dans les structures en 
génie civil, comme par exemple, les pieux et les piles de pont. Également, ils sont très 
utilisés dans les systèmes de pieux battus dans des environnements agressifs et marines. 
Ces éléments sont habituellement utilisés avec un renforcement interne en acier. La 
corrosion de l'acier est un des problèmes majeurs qui diminuent la durée de vie et peuvent 
même amener la structure à la ruine et ce, partout dans le monde. Dans la dernière 
décennie, utiliser des polymères renforcés de fibres (PRF) est une bonne solution  aux 
problèmes précédents et augmente la durée de vie des structures en béton armé, comme 
les ponts, les stationnements, les tunnels et les structures marines. Récemment, 
l'utilisation des barres de PRF dans les murs-diaphragmes, qui sont des ouvertures dans 
les murs de soutènement percé avec de la machinerie d'excavation de tunnel, gagne en 
popularité dans le domaine de l'excavation de tunnel. 
Depuis quelques années, le comportement en cisaillement des éléments en béton armé de 
PRF a été étudié dans plusieurs recherches. Par conséquent, les normes et les guides de 
dimensionnement sont disponibles pour les efforts tranchants. Ils sont développés à partir 
des expériences en laboratoires sur des éléments rectangulaires. Par contre, aucune 
recherche a été fait sur les éléments circulaires renforcés de PRF avec des barres et des 
spirales sous un effort tranchant.  
Dans ce sujet d'étude, un programme expérimental a été développé pour regarder le 
comportement en cisaillement des éléments circulaires en béton armé de PRV de verre 
(PRFV) et de PRF de carbone (PRFC), pour les barres longitudinales ainsi que pour les 
spirales (transversales). Un total de 20 spécimens circulaire de grandeur réelle, avec 
comme dimension 3,000 mm de long et 500 mm de diamètre, ont été fabriqués et testés à 
l'effort tranchant. Les spécimens ont été divisés en cinq séries; la série I contient deux 
spécimens de références en acier avec et sans renforcement transversal. La série II 
contient trois spécimens ayant de l'armature longitudinale en PRFV avec et sans 
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renforcement transversal. La série III contient cinq spécimens renforcés de PRFV (Type 
I) dans le sens longitudinal et transversal. La série IV comprend six spécimens renforcés 
de PRFV (Type II) dans le sens longitudinal et transversal. Finalement, la série V 
comprend quatre spécimens totalement renforcés de PRFC. Les essais expérimentaux ont 
été réalisés dans le laboratoire de structure de la Faculté de génie à l'Université de 
Sherbrooke. L'objectif principal est de tester ces spécimens pour étudier le comportement 
des poutres  circulaires en béton armé avec des PRFV et PRFC pour le renforcement 
longitudinal et transversal (spiral). Plusieurs paramètres y sont étudiés : type de 
renforcement, le taux d'armature longitudinal, le taux d'armature en cisaillement 
(diamètre et espacement des spires) ainsi que le rapport portée en cisaillement sur la 
profondeur effective. Les résultats sur les spécimens sont présentés et discutés en terme 
de la flèche, du réseau de fissuration, du mode de rupture, de la capacité ultime en 
cisaillement, le béton, la déformation longitudinale et transversale, efficacité des spirales 
en PRF, l'action de poutre à arche sur quatre articles de journal discutés dans cette 
dissertation, une étude analytique pour évaluer la validité des équations disponibles dans 
les codes et les guides de dimensionnement et de déterminer si certaines modifications 
devraient être faites pour que les sections circulaires avec un renforcement complet avec 
des spirales en PRF soient mieux adaptées. Les poutres testées ont également été 
analysées en utilisant Response 2000 (R2K), où il est basé sur la théorie du champ de 
compression modifiée (TCCM). Basé sur les résultats obtenus, la capacité en cisaillement 
des éléments circulaires en béton armé de PRF a été déterminé avec l'approche d'une 
section rectangulaire mais en changeant certains paramètres pour prendre en compte la 
profondeur effective, la largeur équivalente, des propriétés mécaniques ainsi que la 
géométrie des PRFV et PRFC pour les spirales. De plus, une nouvelle équation est 
introduite pour quantifier la contribution des spirales (Vsf) des éléments circulaires pour 
prendre en considération l'inclinaison des spires, de la courbure et de la réduction de la 
résistance suite à l'étirement de la spirale. L'équation proposée permet de prédire 
raisonnablement la capacité en cisaillement. 
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NOTATIONS 
fA  = total cross-sectional area of FRP longitudinal tension reinforcement, mm
2
 
gA  = total cross-sectional area of the member, mm
2
 
sA  = total cross-sectional area of  steel longitudinal tension reinforcement  mm
2
 
a  = shear span, mm 
ga  = nominal maximum size of coarse aggregate, mm 
/a d  = shear span-to-depth ratio 
wb  = web width, mm 
c  = neutral-axis depth for the cracked transformed section, mm 
D  = total diameter of circular member, mm 
rD  = diameter of the circle passing through the centers of bars, mm 
d  = effective depth of tensile reinforcement, mm 
bd  = bar diameter, mm 
vd  = effective shear depth, mm 
fE  = modulus of elasticity of FRP reinforcing bars, MPa  
sE  = modulus of elasticity of steel reinforcing bars, MPa  
vE  = modulus of elasticity of FRP spirals, MPa 
cE  = modulus of elasticity of concrete, MPa  
cf      = specified compressive strength of concrete, MPa 
'
cuf     
= characteristic concrete cube strength, MPa 
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mcdf   = design compressive strength of concrete allowing for size effect, MPa 
ftuf  = tensile strength of straight portion, MPa 
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fu bentf  = strength of bent portion of FRP bar, MPa 
fvf  
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vcdf  
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1k  = shear enhancement coefficient 
dM  = design bending moment, N·mm 
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S
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CHAPTER 1            
INTRODUCTION 
1.1 Back Ground and Problem Definition 
Reinforced concrete (RC) members with circular cross section are often used in civil 
engineering structures, for instance as laterally loaded bridge piers and piles because they 
are easy to build, have a pleasing appearance, and provide equal strength characteristics 
in all directions under wind and seismic loads. These members are conventionally 
reinforced with steel bars and stirrups. In North America in particular, the corrosion of 
steel reinforcement in concrete bridges subjected to deicing salts and/or aggressive 
environments constitutes the major cause of structure deterioration, leading to costly 
repairs and rehabilitation as well as a significant reduction in service life (Mohamed et al. 
2014). Estimates indicate that the United States spends billions of dollars annually to 
repair and replace bridge substructures such as pier columns ($2 billion), and marine 
piling systems ($1 billion) (NACE International). Government agencies and industrial 
firms are looking for infrastructure systems that are stronger, last longer, are more 
resistant to corrosion, cost less to build, maintain and repair. Engineers all over the world 
are challenged and in search of new and affordable construction materials as well as 
innovative approaches and systems to problem solving. 
The use of fiber-reinforced polymer (FRP) as an alternative reinforcing material in RC 
structures has emerged as an innovative solution to the corrosion problem in structural 
members subjected to severe environmental exposure (ACI 440.1R-15, Ali et al. 2015a). 
Fiber-reinforced polymer bars offer many advantages over conventional steel bars, 
including a density of one-quarter to one-fifth that of steel, greater tensile strength than 
steel, and no corrosion even in harsh chemical environments (Rizkalla et al. 2003; El-
Salakawy et al. 2003; Benmokrane et al. 2006 and 2007). Using FRP reinforcing bars in 
RC members such as bridge piers and piles, the most component structural element 
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vulnerable to corrosion deteriorations because of the direct exposure to deicing salts 
and/or aggressive environments constitutes, can extend the lifetime serviceability, reduce 
maintenance costs, and improve life-cycle cost efficiency. Moreover, FRP bars may also 
reduce construction costs by eliminating the need for waterproofing membranes and 
pavement items (Benmokrane et al. 2006). 
In the last decade, significant efforts have been made to apply FRP composites in the 
construction industry, and recently, structural applications of FRP composites started to 
appear in civil infrastructure systems. FRP composite materials have been used as 
internal and external reinforcement in the field of civil engineering constructions. It has 
been used as internal reinforcement for specimens, slabs and pavements (Rizkalla et al 
2003; Benmokrane et al. 2006, Ali et al. 2015b; c), and also as external reinforcement for 
rehabilitation and strengthening different structures (Demers and Neale 1998; Teng et al. 
2002). 
Recent studied have produced valuable research work on and widespread applications of 
FRP bars to investigate the flexural and shear behaviors of RC members (ISIS Canada 
2009; El-Salakawy et al. 2003; Benmokrane et al. 2006; El-Salakawy and Benmokran 
2004). The shear strength of FRP RC members with rectangular cross sections has 
received considerable attention. The experimental work has focused mainly on members 
without web reinforcement, but limited research has addressed members with bent FRP 
stirrups (Razaqpur and Spadea 2015; Ahmed et al. 2010(a, and b); El-Sayed and 
Benmokrane 2008; Fico et al. 2008; Shehata et al. 2000). Nonetheless, no research seems 
to have investigated circular concrete members reinforced with FRP reinforcement under 
shear loads. Moreover, the code rules and guidelines for the shear design of circular 
concrete members are almost nonexistent. This leaves a research gaps in need of valuable 
investigations to introduce appropriate provisions in guidelines and codes for the design 
issues of FRP-RC circular members under shear loads. 
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1.2 Research Significance 
The need for more experimental data for circular members failing in shear and the little 
knowledge on the shear behavior of circular members reinforced with FRP bars and 
spirals are the primarily motivations for this research. In particular, considerable research 
work has been reported, in the last decade, on the flexural and shear behaviors of 
rectangular RC members with FRP bars and stirrups. The level of understanding of 
structural behavior has reached a stage where several codes and design guidelines have 
been issued and developed around the world. On the other hand, no research seems to 
have investigated circular concrete members reinforced with FRP reinforcement under 
shear loading. The lack of understanding of such behavior, however, represents a 
significant hurdle to a broader application of FRP bars in circular members. 
The scope of this study consists of experimental and analytical investigations. The 
experimental program is designed to provide much needed understanding of the behavior 
of circular FRP-RC members through design, construction, instrumentation, and testing 
20 full-scale specimens. Also, the present study attempts to enrich the database of shear 
behavior of circular concrete members reinforced with glass-FRP (GFRP) or carbon-FRP 
(CFRP) bars and spirals. The effect of different parameters such as; type of 
reinforcement, longitudinal reinforcement ratio, shear reinforcement ratio (spiral diameter 
and spacing), and shear-span-to-depth ratio were investigated. On the other hand, the 
analytical investigation examines the validity of the available shear design provisions 
concerning FRP bars and spirals as well as the available analytical approach using 
Response 2000, which is based on the modified compression field theory. The 
information is valuable for designers using FRP bars and spirals in circular concrete 
members and for the development of codes and standards. 
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1.3 Research Objectives 
In recent years, the using of FRP has been successful for different concrete structure 
members. To date, no experimental research concerning the shear behaviour of circular 
concrete members reinforced with FRP bars and spirals. The present study aims to 
provide basic technical information about the shear behavior of circular concrete 
members, reinforced longitudinally and transversally with GFRP/CFRP bars and spirals 
through experimental investigation and analytical study. The objectives of this study can 
be summarized as follows: 
1. To evaluate the shear behavior and concrete contribution Vcf of circular FRP-RC 
members without web reinforcement, considering the effect of reinforcement ratio 
and the modulus of elasticity of the reinforcing bars. 
2. To investigate the shear behavior of circular RC members reinforced 
longitudinally and transversely with GFRP/CFRP bars and spirals, respectively, 
and to evaluate the contribution of the GFRP/CFRP spirals Vsf to the shear 
resistance.  
3. To investigate the effect of the shear-span-to-depth ratio (a/d) on the shear 
resistance and behavior of circular RC members reinforced with GFRP bars and 
spirals.  
4. To examine the validity of the current shear design provisions in predicting the 
shear strength of circular RC members reinforced with GFRP/CFRP bars and 
spirals. 
5. To propose new shear design equations for evaluating the concrete contribution 
Vcf and contribution of FRP spirals Vsf for circular RC members reinforced with 
GFRP/CFRP reinforcements. 
6. To create database on the shear behavior of circular concrete members reinforced 
with GFRP/CFRP bars and spirals. 
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1.4 Methodology 
To achieve the aforementioned objectives of this research, extensive experimental and 
analytical programs were conducted. The experimental phase included constructing and 
testing of twenty full-scale circular RC specimens, 500 mm in diameter and 3,000 mm in 
length, reinforced with FRP bars and spirals and divided into five series as follows: 
 Series I: includes 2 reference specimens; one specimen reinforced with steel bars 
and spirals, and one specimen reinforced with steel bars and without spirals. 
 Series II: includes 3 specimens internally reinforced with GFRP bars and without 
spirals. 
 Series III: includes 5 specimens reinforced longitudinally with GFRP bars and 
spirals (GFRP Type I). 
 Series IV: includes 6 specimens reinforced longitudinally with GFRP bars and 
spirals (GFRP Type II). 
 Series V: includes 4 specimens; three specimens reinforced longitudinally with 
CFRP bars and spirals, and one specimen reinforced longitudinally with CFRP bars 
and spirals. 
In this study, the test parameters were proposed to include the following variables: type 
of reinforcement, longitudinal reinforcement ratio, shear reinforcement ratio (spiral 
diameter and spacing), and shear-span-to-depth ratio.  
The analytical investigation included analysis of the test results using the different 
available shear design provisions pertinent to structural members reinforced with FRP 
stirrups. The test results of each specimen were compared to the predicted values using 
different design codes and guidelines as well as recently developed shear design 
equations appearing in the literature. The analytical investigation extended to include the 
analysis of test specimens using the modified compression field theory (Response 2000).    
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1.5 Structure of the Dissertation 
This dissertation consists of eight chapters, references, list of figures, and symbols. The 
content of these chapters is as follows: 
Chapter 1: This chapter defines the problem and presents the main objectives of this 
study, followed by the methodology to achieve the objectives and scope of this research 
study. In addition, the structure of the dissertation is presented. 
Chapter 2: This chapter provides a literature review concerning the shear behavior of RC 
member either with or without shear reinforcement. A full historical review which deals 
with the previous work on FRP mechanical properties, the main factors influencing the 
shear behavior of RC members under shear loads, and the currently available equations 
for predicting shear capacity of reinforced concrete members in the design codes and 
guidelines in North America. 
Chapter 3: This chapter describes the experimental program, which included the 
construction and testing of twenty full-scale circular concrete specimens reinforced with 
GFRP, CFRP, and steel bars and spirals. This chapter describes the experimental work 
program, specimens’ details, the used materials, specimens’ fabrications, test procedure, 
test setup, and measuring devices.` 
Chapter 4: This chapter presents the first paper in this dissertation which submitted in 
ASCE’s Journal of Engineering Structural. The paper is titled ―Strength and Behavior of 
Circular FRP-Reinforced Concrete Sections without Web Reinforcement in Shear‖. This 
paper shows the experimental test results investigation on the shear behavior of four full 
scale circular RC specimens reinforced with GFRP bars and without shear reinforcement, 
in addition to, one reference specimen reinforced with steel bars. The analysis and 
discussions of these results are presented. These discussions are based on modes of 
failure, effect of various test variables on the behavior of GFRP-RC specimens, load–
deflection response, longitudinal reinforcement and concrete strains, shear-crack width 
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relationships, and shear strength of tested specimens. Moreover, the experimental results 
were compared to current codes and design guidelines as well as to recently developed 
shear design equations appearing in the literature.    
Chapter 5: This chapter presents the second paper in this dissertation which submitted in 
ACI Structural Journal. The paper is titled ―Shear Strength of Circular Concrete Members 
Reinforced with Glass-FRP Bars and Spirals‖. The paper aims to investigate the behavior 
performance of circular RC members reinforced with GFRP bars and spirals. The results 
of the tested specimens are presented in terms of flexure reinforcement and concrete 
strains, load-deflection response, and modes of failure. The results of the tested 
specimens are also presented and discussed including shear strength, load-spiral strains 
relationship, cracking pattern and contribution of GFRP spirals.  Comparisons between 
the experimental test results and the theoretical predictions by three North American 
codes and design guidelines are performed. Also, a new equation was introduced to 
quantify Vsf in circular concrete members to account for the mechanical properties and 
geometry of GFRP spirals. Based on the test results and the analysis, the shear capacity 
of GFRP-RC members with circular cross sections may be determined with the 
approaches developed for rectangular sections provided that certain modifications are 
made to take into account the effective shear depth, equivalent breadth, and the 
mechanical properties and geometry of GFRP spirals.  
Chapter 6: This chapter presents the third paper in this dissertation which was submitted 
in Journal of Composites for Construction. The paper is titled ―Shear Behavior of 
Circular Concrete Members Reinforced with GFRP Bars and Spirals at Shear-Span-to-
Depth Ratios between 1.5 and 3.0‖. The purpose of this study is concerned with 
determination of the effects of shear-span-to-depth ratio ( / )a d , and shear reinforcement 
ratio (spiral spacing and diameter) on the shear strength and behavior of circular RC 
members. The general behavior of the tested specimens is presented in terms of flexural 
reinforcement and concrete strains, load-deflection response, and modes of failure. The 
shear behavior of the tested specimens is also presented and discussed including load-
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spiral strains relationship, shear cracking pattern, effectiveness of spirals, effect of shear-
span-to-depth ratio, and strut and tie action. The analysis of the results includes the effect 
of different parameters on the shear response of circular members reinforced with GFRP 
bars and spirals such as, shear-span-to-depth ratio (a/d), and shear reinforcement ratio 
(spiral spacing and diameter). In addition, the shear strengths of the tested specimens are 
analyzed using the different available shear design provisions and the results of the 
analysis are compared with the corresponding experimental values. The analytical study 
was extended to include the modified compression field theory (MCFT) for predicting the 
shear behavior using the Response 2000 program. 
Chapter 7: This chapter presents the experimental and theoretical study on the shear 
behavior of circular concrete memebrs reinforced with carbon FRP bars and spirals which 
submitted as a journal paper in Journal of Composites for Construction, ASCE. The paper 
is titled ―Behavior of Circular Concrete Members Reinforced with Carbon FRP Bars and 
Spirals under Shear‖. The paper aims to investigate the behavior performance of circular 
RC members reinforced with CFRP bars and spirals. The results of the tested specimens 
are presented in terms of flexure reinforcement and concrete strains, load-deflection 
response, and modes of failure. The results of the tested specimens are also presented and 
discussed including shear strength, load-spiral strains relationship, cracking pattern and 
contribution of CFRP spirals.  The experimental shear strengths of the CFRP-reinforced 
concrete specimens were compared to theoretical predictions provided by current codes 
and design guidelines. The comparison indicated that the current CAN/CSA S6-14; 
CAN/CSA S806-12  ACI 440.1R-15 design methods provide  a reasonable predictions; 
however, the and JSCE 1997 underestimate the contribution of the CFRP spirals (Vsf) due 
to low strain limits. A more precise formula for the shear strength Vsf, however, was 
proposed to account for the contribution and behavior of CFRP spirals. 
Chapter 8: This chapter includes a summary of this investigation and the overall 
conclusions based on the experimental and analytical results conducted in this 
dissertation. As well as, recommendations for further research work are also given. 
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CHAPTER 2            
LITERATURE REVIEW 
2.1 General 
The long-term durability of reinforced concrete (RC) structures has become a major 
concern in the civil-engineering construction industry. One of the main factors reducing 
durability and service life of reinforced-concrete structures is the corrosion of steel 
reinforcement. Recently, the use of fiber-reinforced polymer (FRP) as alternative 
reinforcing material in RC structures has emerged as an innovative solution to 
overcoming the corrosion problem. Today, public agencies and regulatory authorities in 
North America have included FRP bars and stirrups as a premium corrosion-resistant 
reinforcing material to reinforce concrete structures subjected to flexural and shear loads.  
In the last decade, extensive research on the flexural behavior of FRP-RC members has 
been extensively investigated and incorporated in the most of the current design codes 
with well-defined simple design equations. On the other hand, the dilemma of shear 
behavior of reinforced and prestressed concrete members has not yet been settled in spite 
of the extensive research work conducted in this area. This is related the complexity of 
this phenomenon, which involves many variables that cannot be rationalized into a 
simple model. Several models are introduced by different codes and design defining the 
design procedure and the applicability conditions.   
2.2 Shear Transfer Mechanisms of Concrete Members 
The fundamental mechanisms by which flexural elements transfer shear are illustrated in 
the simple free-body diagram in Figure 2-1. Joint ACI-ASCE Committee 445 (1998) 
reported that, after the formation of the diagonal cracks in members without shear 
reinforcement, the shear is carried by concrete as a combination of five mechanisms of 
shear transfer: 1) shear stresses in uncracked concrete; 2) interlocking action of 
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aggregate; 3) dowel action of the longitudinal reinforcing bars; 4) arch action; and 5) 
residual tensile stresses transmitted directly across the cracks. Traditional reinforced 
concrete design codes generally lump the five mechanisms into one term and refer to it as 
Vcf, which is the contribution of concrete to shear resistance of a member. In concrete 
members with shear reinforcement, a large portion of the shear is carried by the shear 
reinforcement after diagonal cracking has occurred. The contribution of shear 
reinforcement to shear resistance is typically modeled either with a 45
o
 truss or a 
variable-angle truss. Shear reinforcement also provides a certain level of restraint against 
the growth of inclined cracks and thus helps to ensure a more ductile behavior.  The five 
mechanisms of shear transfer actions contributing to shear reistance will be discussed 
briefly in the following sections. 
2.2.1 Shear Stresses in Un-cracked Concrete 
In this zone, the shear force is transferred by inclined principal tensile and compressive 
stresses. The integration of shear stresses over the depth of the compression zone gives a 
shear force component. The contribution of the un-cracked concrete depends on the depth 
of the un-cracked zone and the concrete strength. For slender members without axial 
compression, the shear force in the compression zone does not contribute significantly to 
the shear capacity because the depth of compression zone is relatively small (Taylor 
1970, Reineck 1991). Taylor (1970) found that 20–40% of the total shear is carried by the 
compression zone. 
2.2.2 Interlocking Action of Aggregate 
This shear transfer mechanism depends on the friction along the inclined crack interface, 
which develops due to the relative slip between the two surfaces of the crack. For normal-
strength concrete, cracking will commonly occurs through the matrix and the bond zone 
between the matrix and the aggregate, because of the difference in strength of the 
aggregate and cement matrix. Due to the protruding aggregate particles on the crack face 
this surface can be considered as rough, see Figure 2-2. As long as the protruding 
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aggregate particles are larger than the crack width, the crack surface can provide 
resistance against slip and a shear force can be transferred. This mechanism is called 
aggregate interlock. In case of high strength and light weight aggregate concrete, the 
fracture mode differs, because the cracks go through the aggregate particles, leading to a 
smoother crack surface. However, still shear transfer along the crack surface an occur by 
friction, although to a less extent. The shear stresses transferred by this mechanism are 
affected by three different parameters, including stresses normal to the crack, crack 
width, and aggregate size. Tests conducted to quantify the contribution of this mechanism 
indicated that between 33% and 50% of the total shear force on a beam may be carried by 
interface shear transfer (Taylor 1970). 
 
Figure ‎2-1: Shear transfer actions in a cracked reinforced concrete member 
Vcr 
Vcc 
Vp 
Vsf  
Vd 
Vcc : Shear in compression zone 
Vd  : Dowel action 
Vca : Aggregate interlock 
Vcr : Residual tensile stress in concrete 
Vsf : Stirrups contribution 
Vsupport 
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Figure ‎2-2: Transmission of shear stresses by aggregate interlock (Vecchio and Collins 
1986) 
2.2.3 Dowel Action of Longitudinal Reinforcing Bars 
A part of the shear force in the member is taken by the longitudinal reinforcement bars. 
As a result of this transverse loading the reinforcement bars are subjected to bending and 
shear, and will behave like dowels. In case of members with transverse reinforcement, the 
resulting vertical displacements of the bottom reinforcement bars near the diagonal crack 
surface are restrained and dowel action contributes considerably to the shear resistance. 
When no shear reinforcement is present, normally dowel action is less significant, 
because the maximum shear in a dowel is limited by the tensile strength of concrete cover 
supporting the dowel. Dowel action may be significant when large amounts of 
longitudinal reinforcement are used, particularly when the longitudinal reinforcement is 
distributed in more than one layer (ASCE-ACI-Committee 445, 1998). It is very difficult 
to quantify the amount of dowel forces that can be activated in a particular situation. A 
number of experimental investigations carried out on dowel action indicated that the 
dowel shear force is between 15% and 25% of the total shear force (ASCE-ACI-
Committee 445, 1998). 
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2.2.4 Arch Action 
The arching action occurs in deep members or in members in which the shear-span-to-
depth ratio (a/d) is less than 2.5. For such members, a significant redistribution of internal 
forces can be expected after cracking, and a large part of the shear force is transferred 
directly to the supports. This is not a shear transfer mechanism in the sense that it does 
not transmit a tangential force to a nearby parallel plane, but permits the transfer of a 
vertical concentrated force to a reaction, thereby reducing the contribution of the other 
types of shear transfer (El-Sayed et al. 2006). In general, arch action enhances the 
strength of a section. For arch action to develop, a horizontal reaction component is 
required at the base of the arch. In members this is usually provided by the tie action of 
the longitudinal bars. 
 
Figure ‎2-3: Arch action in a reinforced concrete member (Kotsovos and Lefas 1990) 
2.2.5 Residual Tensile Stresses 
The basic explanation of residual tensile stresses is that when cracks are formed in the 
concrete, still tensile stresses can be transferred across the crack face. This can be 
explained by the fact that in general concrete does not crack by a clean break, but more 
gradually. At the moment or just before the tensile strength is reached, existing micro-
cracks in the concrete starts to grow and/or new micro-cracks originate due to debonding 
between the coarse aggregates and the matrix. With increasing strain, the micro-cracks 
coalesce, but still tensile stresses are present. When finally this coalescence results in a 
single macro-crack, the so-called residual stresses disappear. Especially when the flexural 
and diagonal crack widths are small, these residual stresses provide a significant 
contribution to the shear resistance. 
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2.3 Modes of Shear Failure and Influencing Parameters 
2.3.1 Shear Failure for Members without Shear Reinforcement 
A crack will form in concrete when the principal tensile stress at any location exceeds the 
cracking strength of the concrete. The cracks usually form perpendicular to the directions 
of the principle stress. For members with uniaxial stress, the principle tensile stresses are 
parallel to the longitudinal axis of the member and hence cracks due to these actions will 
be perpendicular to the member axis. For members subjected to biaxial stresses, as the 
case of flexural and shear stresses, the principal tensile stress directions are inclined at an 
angle with the longitudinal axis of the member. Hence, if a crack forms at a location 
where significant shear stresses exist, the crack will be inclined to the member axis. 
In 1979, Winter and Nilson specified two different modes of shear cracks: web-shear 
cracks and flexure-shear cracks. The relative values of the moments and shears have a 
significant impact on the magnitude and the direction of the principal tensile stresses. In 
the presence of a high shear and low moment condition, a state of maximum shear occurs 
at the neutral axis. Consequently, inclined cracks will form from the neutral axis and will 
propagate from that location. These cracks are known as web-shear cracks (see Figure 2-
4). On the other hand, in the presence of a high shear and a high moment condition, 
inclined cracks develop as extensions of previously existing flexural cracks. These cracks 
are known as flexure-shear cracks (see Figure 2-4) and are more prevalent than web-
shear cracks.  
 
Figure ‎2-4: Types of inclined cracks 
The behavior of beams failing in shear varies widely depending on the relative 
contributions of beam action and arch action, and the amount of shear reinforcement 
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(MacGregor 1997). The moments and shears at inclined cracking and failure of a 
rectangular beam without shear reinforcement are shown in Figure 2-5. In the figure, the 
flexural capacity, Mn, is the horizontal line while the shaded area represents the reduction 
of strength due to shear. According to MacGregor (1997) classification, shown in Figure 
2-5, the beams can be classified into four types by a/d ratios: very short, short, slender, 
and very slender beams. Figure 2-5(c) can be obtained by dividing the moment in Figure 
2-5(b) by the shear span, a, as the moment is M = V × a, for beams with two point loads.  
 
Figure ‎2-5: Effect of shear span to depth ratio (a/d) on shear strength of beams without 
stirrups (MacGregor 1997( 
Shear failure 
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The modes of shear failure of beams were also discussed by ASCE-ACI Committee 426 
(1973) with classification of beams by a/d ratios. The failure modes of simply supported 
rectangular beams without shear reinforcement were described as follows: 
1. Very short beams, a/d < 1.0: The beams develop inclined cracks joining the load 
and support. Thus, most of the shear force is transferred by arch action with a 
structural system, as shown in Figure 2-6. The failure of such beams, which is 
commonly referred to as deep beams, is shown in Figure 2-6. Anchorage failure 
of tension steel may occur at the end of a tension tie. Bearing failure may occur 
by the crushing of concrete above a support. Flexural failure is also possible due 
to the yielding of tension steel or the crushing of the compression zone. Tension 
failure of ―arch-rib‖ near the top of an edge may occur due to the eccentricity of 
the thrust of the compressive stresses in the inclined strut. Compression strut 
failure is also possible by crushing of the web along the crack. 
2. Short beams, 1.0 < a/d < 2.5: These beams develop inclined cracks and after 
redistribution of internal forces are able to carry additional load, in part by arch 
action. The final failure of such beams will result from a bond failure, a splitting 
failure or a dowel failure along the tension reinforcement as shown in Figure 2-
7(a) or by crushing of the compression zone over the shear crack as shown in 
Figure 2-7(b). 
 
Figure ‎2-6: Modes of shear failures in deep beams (ASCE-ACI Committee 426, 1973) 
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1. Slender beams, 2.5 < a/d < 6.0: In these beams, some of the flexural cracks grow 
and may become flexure-shear cracks. The diagonal cracks may continue to 
propagate toward the top and bottom of the beam and cause yielding of the 
tension steel. The beam may split into two pieces at failure. This is called as 
diagonal tension failure (see Figure 2-8). 
2. Very slender beams, a/d > 6.0: These beams will likely fail in flexure even before 
the formation of the inclined cracks. 
 
Figure ‎2-7: Modes of shear failures in short beams (ASCE-ACI Committee 426, 1973) 
 
Figure ‎2-8: Diagonal tension failure (ASCE-ACI Committee 426, 1973) 
Several parameters are identified as having a significant influence on the contribution of 
the ultimate shear capacity and/or the shear failure mode. Some of these parameters are 
closely connected with the shear transfer mechanisms, mentioned in section 2.2. Again, 
this indicates the complexity of analyzing shear critical beams. Five important parameters 
are distinguished (ASCE-ACI Committee 445 (1998), which will be shortly discussed.  
Concrete crushing 
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Tensile concrete strength: 
The shear failure of members without web reinforcement occurs when the inclined cracks 
form, or shortly after the formation of inclined cracks. These cracks occur when the 
principal tensile stress of the concrete exceeds the tensile strength of concrete. The 
principal tensile stress arises from the interaction of flexural and shear stresses. The shear 
strength increases with the increase in concrete tensile strength. There are two types of 
tests commonly used to determine the tensile strength of concrete. The first of these is the 
modulus of rupture or flexural test and the second is the split cylinder test. Because the 
two tests are not routinely performed in practice, the concrete tensile strength is usually 
expresses as a function of specified compressive strength
cf  . The tensile strength of 
concrete varies between 8 and 15% of the compressive strength and is approximately 
proportional to the square or cube root of the compressive strength. 
Longitudinal reinforcement ratio: 
The shear strength of concrete members without web reinforcement is a function of 
longitudinal reinforcement ratio (ρfl). Figure 2-9 shows that the shear strength decreases 
with a decrease in the longitudinal reinforcement ratio. This can be attributed to the fact 
that the low reinforcement ratio leads to the formation of wider and deeper cracks 
compared to members with high reinforcement ratio. Wider cracks reduce the interface 
shear by reducing the residual tensile stress and aggregate interlock in the cracked 
surface. On the other hand, deeper cracks reduce the depth of un-cracked concrete 
compression zone, thereby reducing the contribution of un-cracked concrete to the shear 
strength. Furthermore, the contribution from dowel action decreases with a decrease in 
the reinforcement ratio due to the wider crack formation.  
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Figure ‎2-9: Effect of reinforcement ratio on shear capacity of beams without stirrups 
(ACI-ASCE Committee 326 Report 1962) 
Shear span to depth ratio: 
This ratio is a measure for the slenderness of a beam. When the a/d ratio decreases the 
shear capacity increases. This effect is more pronounced for deep beams with a/d ratio 
smaller than 2.5, because in that case a portion of shear may be transmitted directly to the 
support by an inclined compression strut (Figure 2-8). A so-called compression arch–
tension band mechanism can be developed. In this type of beams, the shear strength 
depends on the compressive strength of concrete instead of the tensile strength. 
Therefore, these beams experience an increase in shear strength. Figure 2-5(c) shows the 
relationship between shear strength and a/d ratio. For longer shear span, where the shear-
span-to-depth ratio (a/d) is beyond 2.5, the effect of a/d ratio on the inclined cracking 
shear and shear strength is negligible (MacGregor and Bartlett 2000).  
Previous investigations, such as those done by Taub and Neville 1970, Kani 1966, Zsutty 
1968, El-sayed and Soudki 2011, have highlighted the important contribution of the 
shear-span-to-depth ratio (a/d) to the shear strength of concrete beams without web 
Reinforcement ratio, ρfl (%) 
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reinforcement. The ratio a/d not only affects the shear capacity of reinforced concrete 
members but also affects the mode of failure.  
Axial force: 
Increasing axial tension forces will decrease the shear strength of members without shear 
reinforcement, while axial compression forces will increase the shear resistance (ASCE-
ACI 1998). Axial compression tends to increase the shear strength by delaying cracking 
and limiting the penetrated depth of the crack into the member. On the other hand, the 
initial flexural crack will occur earlier in the member with axial tension and will extend 
farther resulting in a reduction in shear resistance. However, approximately the same 
additional increment of shear is required between flexural cracking in the shear span and 
inclined cracking regardless of whether or not axial forces (tension or compression) exist 
on the member (ASCE-ACI 1973). Also, the type of the axial force influences the mode 
of failure of the member. Members without shear reinforcement subjected to large axial 
compression and shear may fail in a very brittle manner at the instance of first diagonal 
cracking, while members subjected to tension and shear are comparatively ductile. 
Size effect: 
Different experiments show that there is a significant size effect on the shear strength of 
members without transverse reinforcement (Kani 1967; Shioya et al 1989). When the 
depth of the member increases, the shear stress at failure decreases. The main reason for 
this size effect is the larger width of diagonal cracks in larger members. A larger crack 
width reduces the residual stresses and will reduce the ability to transmit crack interface 
shear stresses. The size effect disappears when the longitudinal reinforcement is well 
distributed (Collins and Kuchma 1998). 
2.3.2 Shear Failure for Members with Shear Reinforcement 
If a member contains shear reinforcement then, after the appearance of the first inclined 
crack, the behavior changes considerably from that for a member without transverse 
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reinforcement. Depending on the amount of the transverse reinforcement more inclined 
cracks may develop until the stirrups yield. After yielding of the stirrups the load may 
also increases due to flatter inclined struts crossing the cracks. This action is possible due 
to interface shear or friction along the crack faces. While failure is then initiated by the 
breakdown of the interface shear, the primary cause is still the yielding of the stirrups. 
For high amounts of transverse reinforcement the concrete in the inclined struts may fail, 
the so-called web-crushing failure. The main parameter affecting the behavior and failure 
mode of web is the amount of the transverse reinforcement. 
Axial compression: In case of members with shear reinforcement, when axial 
compression is applied to a member, the depth of the un-cracked compression zone 
increases. This leads to the increase in the shear capacity of these members. Axial 
compression also influences the behavior of the web: the widths of shear cracks decrease 
and the crack angles decrease, so that the angle of diagonal compression is flattened and 
this change increases the effectiveness of the shear reinforcement. 
2.4 Fibre Reinforced Polymer Composite Material 
Fibre reinforced polymers (FRP) are composite materials that typically consist of strong 
fibres embedded in a resin matrix. The fibres provide strength and stiffness to the 
composite and generally carry most of the applied loads. The thermosetting matrix, 
typically epoxies, polyesters and vinylesters, acts to bond and protect the fibres and to 
provide for transfer of forces from fibre to fibre through shear stresses. Generally, there 
are three types of fibres used in structural engineering applications such as glass (GFRP), 
carbon (CFRP), and aramid (AFRP). Figure 2-10 shows basic material components and 
the concept of FRP composite. 
In the last 25 years, composite materials have developed into economically and 
structurally viable construction material for buildings and bridges. Today, FRP are used 
in structural engineering in a variety of forms: reinforcement material for new concrete 
construction, strengthening material for existing structures, and structural members for 
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new construction. The FRP material can be used in new construction as internal rebars, 
prestressing tendons, and stay-in-place formwork. 
 
Figure ‎2-10: Basic material components of FRP composite 
The surface of the FRP rebars are either sand coated, helically wound spiral outer surface, 
indented, braided, or with ribs. Figure 2-11 shows some commercially available FRP bars 
with different surface textures. Extensive research has been conducted since the mid 
1990s to study the behaviour of beams and slabs reinforced with various FRP bars (ACI 
440.1R-15). 
 
Figure ‎2-11: Different types of FRP bars 
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2.4.1 Mechanical Properties of FRP Reinforcing Bars 
FRP composites are used in a wide variety of applications. A key element in evaluation 
of FRP properties is the characterization of the relative volume and/or mass content of the 
various constituent materials. FRP reinforcing bars in concrete structures is strongly 
influenced by their physical and mechanical properties. Their mechanical properties 
provide unique benefits to the product they are fabricated into. This section presents 
testing methods and mechanical properties of bars such as axial tensile strength, 
compression strength, shear strength, bond strength, and bend portion strength. 
2.4.1.1  Axial Tensile Strength 
Axial tension testing of high strength unidirectional composites is often a challenge 
because load should be transmitted from the testing apparatus to the specimen via shear, 
and the shear strength of a unidirectional composite is typically much lower than its axial 
tensile strength. Further, shear gripping will load the external fibers more than the 
internal ones causing shear lag and progressive fiber failure. To avoid these problems, 
end tabs are required when testing flat laminates. Special anchors are required for testing 
FRP rods and bars by inserting their ends into steel cylinders that are subsequently filled 
with either a polymer resin or a cement-based grout as described in ACI 440.3R-04 
(2004), as shown in Figure 2-12. Also, CSA S807-10 (2010) specified ASTM D7205-11 
(2011) standard method to get the bar tensile properties. Table 2-1 to Table 2-5 represent 
axial tensile strength and modulus of elasticity for FRP bars as provided in the North 
American codes and design guidelines and as produced by different companies. 
2.4.1.2 Compressive Strength 
There is no true axial compression test for composites. The mode of failure is buckling, 
ranging from buckling of the entire specimen cross section or local microbuckling of 
individual fibers (ACI 440.3R-04). Thus, the greater resistance to buckling the test fixture 
provides, the higher the compressive strength values obtained. For flat laminate FRP 
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composites, many axial compression test methods in current use are some variation of the 
Celanese compression test as in ASTM D3410-08 (2008). This test uses a thin, straight-
sided specimen that looks very much like an axial tension specimen except that the 
distance between tabs is much smaller. Testing of FRP bars in compression is typically 
complicated by the occurrence of fibre micro-buckling due to the anisotropic and non-
homogeneous nature of the FRP material, and can lead to inaccurate measurements. 
Therefore, standard test methods are not established yet. For the case of FRP bars, 
reductions in the compressive strength by 50% must be considered (Deitz et al. 2003). 
 
Figure ‎2-12: Anchor length according to ASTM D7205/D7205M-11 (2011) 
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Table ‎2-1: Typical mechanical properties of FRP bars (CSA S807-10) 
Trade 
Name 
Minimum Specified 
Tensile Strength 
(MPa) 
Modulus of Elasticity (GPa) 
Grade I Grade II Grade III 
Carbon 1100-1300 80.0 110.0 140.0 
Glass 600-750 40.0 50.0 60.0 
* Grade I have the lowest value of E and Grade III have the highest value of E. 
Table ‎2-2: Typical mechanical properties of FRP bars (ACI 440.1R-15) 
Fiber Type 
Tensile Strength 
(MPa) 
Modulus of Elasticity 
 (GPa) 
Aramid (Kelvar 49) 1720 -2540 41-125 
Carbon (Toray T300) 600-3690 120-580 
Glass (E-Glass) 483-1600 35-51 
Table ‎2-3: Typical mechanical properties of ASLAN FRP bars manufactured by Hughes 
Brothers Inc. 
Trade Name 
Tensile 
Strength (MPa) 
Modulus of 
Elasticity (GPa) 
Ultimate Tensile 
Strain 
CFRP Aslan 200 2068-2241 124 0.0167 – 0.0181 
GFRP Aslan 100 620-827 46 0.0134 – 0.0179 
* As provided by the manufacturer. 
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Table ‎2-4: Typical mechanical properties of ComBAR GFRP bars manufactured by 
Schock Inc. 
Trade Name 
Tensile 
Strength (MPa) 
Modulus of 
Elasticity (GPa) 
Ultimate Tensile 
Strain 
GFRP > 1000 > 60 0.0261 
* As provided by the manufacturer. 
Table ‎2-5: Typical mechanical properties of V-ROD GFRP bars manufactured by 
Pultrall Inc. 
Trade Name 
Tensile 
Strength (MPa) 
Modulus of 
Elasticity (GPa) 
Ultimate 
Tensile Strain 
G
F
R
P
 
V- Rod LM 588 - 804 40 - 47 0.0134 – 0.0189 
V- Rod SM 703 - 938 50 - 59 0.0133 – 0.0179 
V- Rod HM 1000 - 1372 60 - 69 0.0151 – 0.0211 
CFRP Carbon V-Rod 1356-1765 120-144 0.0120 – 0.0144 
* LM means low strength; SM means standard strength; and HM means high tensile strength. 
* As provided by the manufacturer. 
2.4.1.3 Shear Strength 
The behavior of FRP composites under shear loading is dominated by the matrix 
properties and local stress distribution. The transverse shear may cause matrix splitting 
without shearing off of any fibers. FRP bars are orthotropic and their best properties are 
in the fiber direction. Therefore, most FRP bar composites are relatively weak in inter-
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laminar shear where layers of unreinforced resin lie between layers of fibers. Because 
there is usually no reinforcement across layers, the inter-laminar shear strength is 
governed by the relatively weak polymer matrix. On the other hand, interface problem 
between vinylester resin and carbon fiber appeared and results very low inter-laminar 
shear strength compared to glass fiber (Xiao 2004). In addition to, carbon fibers are more 
brittle than glass fiber with ultimate elongation 1.32% and 1.56% for carbon and glass 
fibers, respectively. Also, orientation of the fibers in an off-axis direction across the 
layers of fiber will increase the shear resistance, depending upon the degree of offset. For 
FRP bars this can be accomplished by braiding or winding fibers transverse to the main 
fibers. Off-axis fibers can also be placed in the pultrusion process by introducing a 
continuous strand mat in the roving/mat creel (ACI 440.1R-15). 
2.4.1.4 Bond Strength (Pull-out Test) 
Bond characteristics influence the mechanism of load transfer between FRP 
reinforcement and concrete, and therefore control the concrete crack spacing, crack 
width, required concrete cover to the reinforcement, and the reinforcement development 
length. The behavior of reinforced concrete structures thus depends on the integrity of the 
bond (ACI 440.1R-15).  
Numerous researchers have been extensively investigated the bond properties of FRP 
bars through different types of tests, such as pull-out tests, splice tests, and cantilever 
beams, to determine an empirical equation for embedment length (Faza and GangaRao 
1990; Benmokrane 1997). The bond stress of a particular FRP bar should be based on test 
data provided by the manufacturer using standard test procedures that are still under 
development at this time. ACI 440.1R-15 and CAS S807-10 specified a standard test 
method for bond strength of FRP bars (B.3) as shown in Figure 2-13. 
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Figure ‎2-13: Schematic drawing of pull-out test (B.3) 
Bond failure between steel or FRP reinforcing bars and concrete occurs predominantly in 
two modes: pull-out and splitting. If the concrete around the bars is well conﬁned, or the 
concrete cover is large, or the bar embedment length is small, bond failure occurs in pull-
out mode. On the other hand, if the concrete cover is relatively small, and/or the concrete 
is unconﬁned, bond failure occurs in splitting mode. For most practical applications of 
steel reinforced concrete, bond failure occurs by splitting. 
For pull-out mode of bond failure, the bond strength of steel bars with short embedment 
lengths (less than 7db) called local bond strength is mainly dependent on the concrete 
compressive strength cf  . As the development or embedment length of the bar increases, 
the bar force at bond failure increases but because the bond stress distribution along the 
embedment length becomes non-uniform, the average pullout bond strength at bond 
failure decreases. 
2.4.1.5 Bend Portion Strength 
FRP bent bars are being needed in many applications such as concrete bridge barriers 
(CSA S6-14; El-Salakawy et al 2003). In this case, the bond and the bar embedment 
length are become more critical. The problem is attributed to the significant reduction of 
the tensile strength at the bend portions of the FRP bars. 
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ACI 440.6M-08 (2008) reports that either B.5 or B.12 test methods may be considered 
for determining the bend strength of FRP bent bars/stirrups. ISIS Canada (2009) specifies 
the B.5 method for determining the strength of FRP bent bars and stirrups at bend 
locations and B.12 method for determining the strength and modulus of FRP bent bars at 
bend locations. However, it maintains the same limit of 35% of the strength parallel to 
the fibers for both methods.  
It should be mentioned that the CAN/CSA S806-12 (2012) specifies the same method as 
the ACI 440.6M-08 by using B.5 method for testing the FRP bent bars and stirrups. This 
test method measures the ultimate load carrying capacity of a single FRP stirrup 
subjected to tensile forces in the direction of the straight portion. A schematic drawing of 
the test specimens and setup details are shown in Figure 2-14(a). Dimensions of the 
concrete blocks may vary according to the configuration of the tested stirrup; however, 
the recommended distance between the two concrete blocks is 400 mm (Ahmed et al. 
2010). Transverse steel reinforcement should be provided to the concrete blocks to 
prevent concrete splitting before rupture of the stirrup at the bend. The two blocks are 
adjusted on a horizontal test bed with one of the blocks moving side placed on rollers to 
minimize the friction and allow the horizontal movement. Then, the hydraulic jack is 
centered between the two blocks to provide symmetric loading for both stirrup’s legs. 
The complete setup is illustrated in Figure 2-14(b). The load is applied by the hydraulic 
jack causing the two concrete blocks to move apart until the failure of the FRP stirrup. 
The loading rate is selected so that the specimen fails within a maximum of 10 min after 
running the test. The failure load is recorded and the bend strength is calculated from 
following equation: 
2fbent b
Pf
A
            Equation ‎2-1  
where fbentf  is bend strength in MPa; P  is failure load in N; and bA  is FRP bar cross-
sectional area in mm
2
. 
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(a) Configuration of test specimen 
 
(b) Test setup 
Figure ‎2-14: Schematic drawing for B.5 test (Ahmed et al. 2010) 
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2.5 Shear Behavior of FRP Reinforced Concrete 
Members with Rectangular Cross Section  
2.5.1 Members without Shear Reinforcement 
ACI-ASCE Committee 445 (1998) reported that a reinforced concrete member without 
shear reinforcement resist shear by means of (1) shear resistance of uncracked concrete 
compression zone, (2) aggregate interlock, (3) residual tensile stress across the cracks, (4) 
dowel action of longitudinal reinforcement, and (5) arch action. The total contribution 
from these mechanisms is referred to as the concrete contribution to the shear strength, 
Vcf. The relative contributions of these mechanisms in FRP reinforced concrete beams 
could be different from those of steel reinforced concrete beams. 
In a flexural member reinforced with FRP bars, flexural cracks will penetrate deeper into 
the section, and wider cracks will form when compared to a member reinforced with an 
equal area of steel bars. Deeper flexural cracks decrease the depth of the compression 
zone, thereby reducing the contribution of the un-cracked concrete to the shear strength. 
Wider cracks, on the other hand, may result in a reduction in the shear strength 
contributions from aggregate interlock as well as from residual tensile stresses. 
Additionally, the relatively small transverse strength of FRP bars coupled with increased 
crack widths may result in the neglect of the dowel action. Eventually, the overall shear 
capacity of concrete members reinforced with FRP bars as flexural reinforcement is 
lower than the shear capacity of concrete members reinforced with steel bars. Research 
on the shear capacity of FRP flexural members without shear reinforcement has indicated 
that the concrete shear strength can be evaluated by taking into account the axial stiffness 
of the tensile reinforcement. A summary of the previous research on the concrete 
contribution to the shear resistance of FRP-RC members are briefly reviewed as follow: 
Yost et al. (2001) investigated the concrete contribution, Vcf, of simply supported 
concrete beams subjected to two-point monotonic loading and reinforced with GFRP bars 
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as longitudinal reinforcement. Six different over-reinforced GFRP designs, ρ = 2.10 ρb to 
4.32ρb, along with one steel design were tested. For each design, three identical 
specimens were fabricated, such that a total of 21 beams were tested for this study. No 
shear or compression reinforcement was provided in any of the test specimens. The total 
length and depth of the test specimens were 2286 mm and 286 mm, respectively, while 
the width varied between 178 mm and 254 mm. The shear-span-to-depth ratio for all test 
beams was approximately 4.0. The findings of this experimental investigation can be 
summarized as follows: 
1. The amount of longitudinal reinforcement has no significant influence on the shear 
capacity of beams reinforced with GFRP rebars for the reinforcement ratios tested (2.10ρb 
to 4.32ρb). This would indicate that the use of simple empirical equations to estimate 
shear strength is appropriate. 
2. The characteristics of shear failure for GFRP-reinforced beams are similar to those of 
steel-reinforced beams. However, the shear strength is significantly lower for GFRP 
reinforced beams compared to steel-reinforced beams. 
3. The shear strength by the ratio of the elastic moduli of FRP and steel, suggested by 
Michaluk et al. (1998), does consider the lower shear strength of GFRP-reinforced 
members relative to steel-reinforced members, but is overly conservative and thus 
uneconomical for practical applications. 
4. The equation Vcf, suggested by Deitz et al. (1999), provides an acceptable lower bound 
design estimate for the shear strength of concrete beams reinforced with GFRP rebars and 
without transverse reinforcement. 
The shear strength and behavior of concrete beams reinforced with FRP bars have been 
investigated by Tureyen and Frosch (2002). The objective of this research was to 
investigate the effect of differences in the modulus of elasticity of FRP and steel 
reinforcing bars on the concrete contribution to shear strength, Vcf, of slender reinforced 
concrete flexural members (a/d >2.5) without shear reinforcement, as well as to evaluate 
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the applicability of current design methods for shear to members longitudinally 
reinforced with FRP bars. In this study, nine large-scale reinforced concrete beams with 
3962 mm long, 457 mm wide, and 360 mm effective depth were tested. The total depths 
of the test specimens were 406 mm for beams containing one layer of reinforcement and 
427 mm for beams containing two layers of reinforcement. The specimens were simply 
supported and loaded with one concentrated load at midspan and the shear-span-to-depth 
ratio, a/d, was 3.4. Three types of FRP reinforcement (two types of glass FRP and one 
type of aramid FRP) and two types of steel reinforcement with varying yield strengths 
were used in the investigation. The longitudinal reinforcement ratio was varied from 
approximately 0.36 to 2 %. 
The test results of this study indicated that the flexural concrete members reinforced with 
FRP bars in the longitudinal direction can fail in shear at loads considerably lower than 
those reinforced by an equivalent area of steel bars. The reduction in shear strength was 
found to be a function of the axial stiffness of the main tensile reinforcement. 
Furthermore, Tureyen and Frosch reported that, the calculated shear strengths of FRP-
bar-reinforced specimens using the ACI 440.1R-01 method were very conservative. The 
ACI 440 shear design method should be re-examined to provide improved accuracy in 
the calculated concrete contribution to shear strength, Vcf, of FRP reinforced concrete 
beams. 
Tureyen and Frosch (2003) presented a model for calculating the concrete contribution to 
the shear strength of reinforced concrete beams. The applicability of the model was 
supported by comparing the computed shear strengths to the experimental strengths of 
370 specimens. The shear strength equation developed from the model was simplified to 
provide a design equation applicable to both steel and FRP-reinforced beams as follows: 
2
5
cf c wV f b c            Equation ‎2-2  
where c = k d = cracked transformed section neutral axis depth,  
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22 ( )f f f f f fk n n n              Equation ‎2-3  
f  = reinforcement ratio; fn  = Ef/Ec = modular ratio; Ef = modulus of elasticity of 
reinforcement; and Ec = modulus of elasticity of concrete. 
In 2003, Tariq and Newhook conducted an experimental investigation to study the 
influence of the longitudinal reinforcement properties on the shear strength of concrete 
beams with no shear reinforcement. A total of 18 beams reinforced with steel, glass FRP, 
or carbon FRP bars were tested up to failure in shear. The test beams were divided into 
three different groups with three different reinforcement ratios ( f  = 0.72, 1.1, and 
1.5%). Each group included six beams having the same reinforcement ratio with two 
identical beams for each reinforcement type. The shear-span-to-depth ratio was kept 
within the limits 2.5 < a/d < 6.0. The beams had a total length of 3000 mm and were 
tested under four-point bending over a simply supported clear span of 2500 mm. The 
depth of the cross-section of the beams was varied ranging between 310 and 346 mm 
while the width of the beams was 130 or 160 mm. The test results of this investigation 
indicated that the concrete shear strength decreased with the decrease of the modulus of 
elasticity of the reinforcing bars as the beams reinforced with steel bars experienced the 
highest shear strength followed by the beams reinforced with carbon FRP bars and then 
by the beams reinforced with glass FRP bars. In addition, the experimental shear 
strengths of the beams reinforced with FRP bars were compared to the predictions from 
some theoretical shear equations and they were found to be more conservative. 
Razaqpur et al. (2004) tested Seven beams were tested in bending to determine the 
concrete contribution to their shear resistance. The beams had similar dimensions and 
concrete strength and were reinforced with carbon fiber reinforced polymer bars for 
flexure without transverse reinforcement. They were designed to fail in shear rather than 
flexure. The test variables were the shear-span-to-depth ratio, varying from 1.82 to 4.5, 
and the flexural reinforcement ratio, varying from 1.1 to 3.88 times the balanced strain 
ratio. The test results are analyzed and compared with the corresponding predicted values 
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using the American Concrete Institute, the Canadian Standard, and the Japan Society of 
Civil Engineers (JSCF) fiber reinforced polymer design recommendations. The findings 
of this investigation can be summarized as follows: 
1. The concrete contribution to the shear strength of beams, Vcf, is a function of the 
concrete strength, the axial rigidity of the main flexural reinforcement, and the shear-
span-to-depth ratio. 
2. For beams with shear-span-to-depth ratios greater than 2.5, Vcf varies almost linearly 
with the cubic root of the product of the above three parameters. 
3. The Canadian Standard S806-02 adopts such a linear relationship, and its predictions 
are in close agreement with available experimental data from beams with a/d > 2.5. 
4. The ACI 440.1R recommended method, which assumes a linear relationship between 
Vcf and Ef ρf, is highly conservative and its predicted values differ significantly from the 
corresponding experimental results. 
5. The JSCE recommended method, which is similar to the Canadian method, also yields 
good agreement with experimental results for beams with a/d > 2.5. 
El-sayed et al. (2006) investigated the behavior and shear strength of concrete slender 
beams reinforced with fiber-reinforced polymer (FRP) bars. A total of nine large-scale 
reinforced concrete beams without shear reinforcement were constructed and tested up to 
failure. The beams measured 3250 mm long, 250 mm wide and 400 mm deep and were 
tested in four-point bending. The test variables were the reinforcement ratio and the 
modulus of elasticity of the longitudinal reinforcing bars. The test beams included three 
beams reinforced with glass FRP bars, three beams reinforced with carbon FRP bars, and 
three control beams reinforced with conventional steel bars. The test results were 
compared with predictions provided by the different available codes, manuals, and design 
guidelines. The test results indicated that the relatively low modulus of elasticity of FRP 
bars resulted in reduced shear strength compared to the shear strength of the control 
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beams reinforced with steel. In addition, the current ACI 440.1R design method provided 
very conservative predictions, particularly for beams reinforced with glass FRP bars. 
Based on the obtained experimental results, a proposed modification to the current ACI 
440.1R design equation is presented and verified against test results of other researchers. 
Razaqpur et al. (2011) investigated the concrete contribution to the shear resistance of 
FRP-reinforced concrete members subjected to unsymmetrical loading. This study is 
concerned with the determination of the effects of shear-span-to-depth ratio (a/d) and 
beam depth, or size, on the concrete contribution to the shear resistance of beams 
longitudinally reinforced with carbon fiber-reinforced polymer (CFRP) bars.  One of the 
distinguishing features of the study is the unsymmetrical nature of the applied load, 
which creates two distinct a/d ratios in the same beam and allows the effect of the a/d 
ratio on shear strength to be clearly seen. Six simply supported large size CFRP 
reinforced concrete beams without shear reinforcement were tested, each under a single 
concentrated load. The test variables were the a/d ratio, varying from 1.0–11.5, and the 
beam depth varying from 200–500 mm. All the beams failed in shear, but the failure load 
and location for some of these beams could not be predicted by the shear design 
recommendations of American Concrete Institute (ACI) Committee 440. The reason is 
that these recommendations do not account for the effects of a/d and beam size on shear 
strength. Suggestions are made for the inclusion of these parameters in the shear design 
equations 
Alam and Hussein (2013a) presented the results of an experimental investigation that was 
carried out to examine the size effect on the shear strength and behavior of concrete 
beams reinforced with fiber-reinforced polymer (FRP) bars. The beams were reinforced 
with glass FRP, carbon FRP, and steel bars in the longitudinal direction with no 
transverse shear reinforcement. Twelve large-scale simply supported beams with 
different depths, four for each reinforcement type, were tested to determine their shear 
capacity. The effective depth of the beams was in the range of 300–750 mm. The axial 
stiffness of the reinforcement was kept the same for beams with the same reinforcement 
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type with different depths. The test results indicated that as the member depth increased, 
the shear strength at failure decreased for all reinforcement types. The results were 
compared with Bažant’s size effect law including different parameters, and a reasonably 
good trend was observed. The shear strength of FRP reinforced beams were also 
compared with the predictions using design codes and Canadian and U.S. guideline 
equations. The comparisons with the equations indicated that the predicted results using 
one of the Canadian equations were the closest to the experimental results, while one of 
the U.S. equations predicted results were more conservative and gave prediction results 
with large scatter, especially for beams with smaller depth. 
2.5.2 Members with Shear Reinforcement 
In the last decade, a large number of tests on FRP-reinforced concrete members without 
shear reinforcement have been carried out to quantify the concrete contribution Vcf, but 
the research about quantifying shear reinforcement contribution, Vsf , is relatively limited. 
Yet, in real structures members with shear reinforcement are quite common, and other 
than thin members such as slabs and walls, most will contain some shear reinforcement. 
Hence, there is a need to investigate and quantify Vsf in FRP-reinforced concrete 
members (Razaqpur and Spadea 2015). 
The majority of current standards use essentially the same basic relationship for 
determining Vsf in FRP-reinforced concrete members as is used for similar steel-
reinforced concrete members, with the difference being mainly in the stress level at 
failure in FRP versus steel stirrups. It is important to examine the theoretical basis for 
these relationships and to determine whether rational modifications should be made in 
order to make them suitable for concrete members reinforced with any type of FRP- 
reinforcement, including glass fiber-reinforced polymer (GFRP), carbon fiber-reinforced 
polymer (CFRP), and aramid fiber-reinforced polymer (AFRP) (Razaqpur and Spadea 
2015). The following section reviews the available research work conducted to evaluate 
the performance of FRP as shear reinforcement for concrete members. 
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An extensive experimental investigation was conducted by Nagasaka et al. (1993) to 
study the shear performance of concrete beams reinforced with FRP stirrups. Thirty-five 
concrete beams were constructed and subjected to increased load up to ultimate capacity. 
The beams had the same cross section of 250 x 300 mm and different clear span ranging 
between 600 and 1200 mm. As shear reinforcement, four types of FRP bars were 
employed in this study: carbon FRP, aramid FRP, glass FRP, and hybrid of glass and 
carbon FRP. These shear reinforcements were used in the form of rectangular spiral 
stirrups, except for hybrid FRP which used in the form of rectangular closed stirrups. 
Also steel stirrups were employed as shear reinforcement in the control specimens. The 
main test variables were the type and reinforcement ratio of FRP stirrups, the concrete 
strength, and the clear span. Additionally, the effect of the FRP flexural reinforcement on 
the shear capacity was investigated.  
The test results revealed that the shear failure modes can be classified into two types: 
shear-tension failure mode controlled by rupture of FRP reinforcement, and shear-
compression failure mode, controlled by the crushing of the concrete web. Nagasaka et 
al. distinguished between the two modes of failure by the shear reinforcement factor, ρfv 
ffu bent / f'c, where ρfv is the ratio of FRP shear reinforcement, ffu bent is bend strength of FRP 
stirrup, and f'c is the specified strength of concrete. The transition from rupture to 
crushing failure mode occurred at the shear reinforcement factor of 0.3. When this factor 
was smaller than 0.3, shear-tension occurred, whereas when this factor exceeded 0.3, 
crushing failure occurred. In addition, the results indicated that the ultimate shear 
capacity increased with increasing the reinforcement ratio of stirrups. Furthermore, the 
use of FRP bars as shear and/or flexural reinforcement decreased the shear capacity of the 
beams in comparison with conventional steel reinforcement. 
Vijay et al. (1996) investigated the shear behavior of concrete beams reinforced with 
GFRP bars as longitudinal and transverse reinforcement. This study included six beams 
tested under four-point bending condition. Each beam had cross section of 150 x 300 mm 
and 1500 mm long. The beams were over-reinforced to avoid possible flexural failure 
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before the occurrence of shear failure. The parameters of interest in this study were 
occurrence of diagonal cracks, shear capacity of concrete beams with and without FRP 
stirrups, and the effect of stirrup spacing on the shear capacity. Additionally, the 
applicability of ACI equations for shear capacity of concrete beams with FRP stirrups 
was verified. 
The test results indicated that the beams exhibited crack patterns similar to those of steel-
reinforced concrete beams and the mode of failure was observed to be bond failure of 
GFRP stirrup legs which had embedment length around 4db to 5db, where db is the stirrup 
diameter. In addition, it was observed that the values obtained by ACI 318-95 equation 
for predicting shear capacity of concrete alone, coincided well with the experimental 
shear values at which the diagonal cracks first occurred. On the other hand, the ACI 318-
95 equation for stirrup design can be used by limiting the permissible design stress values 
in FRP stirrups considering effective embedment length of stirrups in concrete and bond 
stress values. 
Seven concrete beams reinforced for flexure and shear with GFRP bars were tested by 
Duranovic et al. (1997) to investigate the shear strength and the mode of failure. The 
reinforced concrete beams used for the tests had a rectangular cross-section 150 x 250 
mm, overall length of 2500 mm, clear span of 2300 mm and were subjected to four point 
bending. All the beams were simply supported. GFRP closed-loop stirrups of 10x4 mm 
rectangular cross-section were used as shear reinforcement. The bend capacity of the 
GFRP stirrups was varied from 390 to 410 MPa. Two beams reinforced with steel bars 
were tested as control specimens. The main variable of this study was the stirrup spacing. 
The findings of this investigation can be summarized as follows: 
1. Failure of the beams was due to either diagonal shear for beams without shear 
reinforcement, or flexural compression or shear-rupture for beams with shear 
reinforcement. Two beams reinforced with GFRP stirrups failed in shear by rupture of the 
stirrups. However, stresses measured by means of strain gauges on the GFRP stirrups 
never exceeded 270 MPa.  
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2. The shear strength of the beams was predicted by using the modification proposed by 
the Eurocrete Project (1996) to British code BS8110. The measured strains in the stirrups 
exceeded the design strain value of 0.0025 recommended by Eurocrete Project (1996). 
Therefore, the predicted values were very conservative when compared to the measured 
values. 
A total of 4 concrete beams reinforced for flexure and shear with GFRP bars were tested 
by Alkhrdaji et al. (2001) to investigate the shear performance. The beams having 
dimensions of 178 x 330 x 2400 mm were tested under a one-point loading system over a 
simply supported clear span of 1500 mm. The main objective of this experimental study 
was to verify the shear design approach and limits proposed by ACI committee 440 
(2001). The stirrups were closed stirrups made of 9.5 mm diameter GFRP and had a bent 
radius of 19 mm. The test variables were the flexural reinforcement ratio and the stirrup 
spacing. The respective flexural reinforcement ratios ranged between 3.28ρfb and 6.59ρfb, 
and the stirrup spacing was 152 mm or 203 mm. The findings of this study can be 
summarized as follows: 
1. Except for one beam, all the beams failed in a flexure-shear mode started by concrete 
crushing at the top followed by sudden shear failure due to rupture of the GFRP stirrups. 
2. The beam that failed in shear mode was by rupture of a GFRP stirrup at the bend. The 
measured stirrup stress at failure was lower than the strength of the bend, ffu bent· 
3. Independent of the failure mode, all test specimens failed at a load significantly higher 
than that predicted using the approach by ACI 440.1R-01 guidelines. 
4. Based on the test results, it was concluded that the strain limit of 0.002 for the design 
of GFRP stirrups is very conservative. The design strain limit could be relaxed to 0.004. 
Guadagnini et al. (2003 & 2006) conducted experimental studies to investigate the shear 
behavior of concrete beams reinforced with FRP reinforcement. Six beams were 
subjected to two successive phases of testing. Three beams were reinforced in flexure 
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with conventional steel reinforcement, while the other three were reinforced with glass 
fibre bars. The tested beams had a rectangular section measured 250 mm deep and 150 
mm wide. Different shear span to depth ratios, ranging from 1.1 to 3.3, were analyzed in 
order to study the variation in the shear behavior of beams characterized by different 
types of shear failure. No shear reinforcement was provided in the first phase of testing. 
In the second phase, just enough glass and carbon shear reinforcement was provided to 
enable the shear failure.  
The results of these tests are presented and compared to predictions according to the 
design recommendations proposed by the ACI 440.1R-03 (2003) and the Institution of 
Structural Engineers (ISE 1999). The main findings of this study can be summarized as 
follows: 
1. Both the concrete shear resistance and the resistance of the shear links were found to 
be much higher, by up to almost 200%, than estimated by the current design equations. 
2. The levels of strain in the GFRP flexural reinforcement was 6200 micro-strain 
exceeding the value of 2000/2500 micro-strain imposed by the original formulation of the 
strain approach. 
3. Maximum strain values, ranging from 10000 to 20000 microstrain for GFRP and 8000 
to 10000 micro-strain for CFRP, were recorded in the shear reinforcement. These values 
greatly exceed the limit of 0.004 imposed by the ACI 440.1R-03 recommendations. 
4. The principle of strain control adopted by the current FRP design recommendations is 
recognized as a valid approach but it is recommended that the maximum allowable strain 
for both flexural and shear reinforcement should be increased to 0.0045 to account for 
structural performance, serviceability, and economic viability. At these levels of strain, 
cracking is effectively controlled, the shear resisting mechanisms offered by both 
concrete and shear reinforcement are effectively mobilized, and their contribution can be 
added together to estimate the total resistance. 
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Fico et al. (2008) conducted an analytical study for the assessment of Euro code-like 
design equations for the evaluation of the shear strength of FRP RC members, as 
proposed by the guidelines of the Italian Research Council CNR-DT 203 (2006). Both the 
concrete and the FRP stirrups contributions to shear were taken into account. The 
assessment was based on experimental results for FRP reinforced concrete beams from 
literature. Throughout this study the following concluding remarks were introduced: 
1. The equation proposed by the CNR-DT 203 accounting for the stirrups contribution to 
the shear strength seems to give rather good results; nevertheless, the γf,ϕ 
factor 
accounting for bending effects of stirrups should be replaced by a term accounting for the 
limit strain not governed by rupture of bent portion. 
2. The strength of stirrups bent portion seems not to be a significant factor affecting the 
FRP stirrups contribution to shear; this result becomes more evident when the bend 
strength of stirrup approaches that of the straight portion and justifies the larger 
inaccuracy of some analytical results. 
Ahmed E. et al. (2010b) studied the shear performance of RC bridge girders reinforced 
with carbon FRP stirrups. The study presents experimental data on the behavior and shear 
strength of concrete bridge girders reinforced with carbon fibre-reinforced polymer CFRP 
stirrups. A total of four large-scale reinforced concrete beams with a total length of 7000 
mm and a T-shaped cross section were constructed and tested up to failure. The test 
variables were the type and ratio of shear reinforcement. The test beams included three 
beams reinforced with sand coated CFRP stirrups of 9.5-mm diameter spaced at d/2, d/3, 
and d/4 where d is the beam depth and a control beam reinforced with conventional steel 
stirrups of 9.5-mm diameter spaced at d/2. The geometry of the test prototypes were 
selected to simulate the New England Bulb Tee NEBT beams that are being used by the 
Ministry of Transportation of Québec, Canada. As designed, three beams failed in shear 
due to CFRP stirrup rupture or steel stirrup yielding. While, the forth one, reinforced with 
CFRP stirrups spaced at d/4, failed in flexure due to yielding of longitudinal 
reinforcement. The test results were compared to predictions provided by different codes 
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and design guidelines. The current ACI 440.1R-06 design method provides conservative 
predictions; however, the CAN/CSA S6-06 and JSCE 1997 underestimate the 
contribution of the FRP stirrups due to low strain limits. 
In 2013, an experimental investigation was conducted by Johnson and Sheikh to evaluate 
the performance of various types of glass fibre reinforced polymer (GFRP) 
reinforcement, including bent stirrups and headed bars in concrete structures. Results 
from 11 large beams (400 × 650 × 3650 mm) tested in monotonic three-point flexure 
were selected for this paper; some specimens used GFRP bent-bar stirrups and some used 
double-headed straight bar shear reinforcement. Based on the results from the tests, 
specimens reinforced with bent-bar stirrups and specimens with headed-bar shear 
reinforcement were found to perform similarly up until the calculated flexural failure 
load. Beyond that, beams reinforced with bent-bar stirrups showed significantly more 
deformability due to confinement of concrete in flexural compression. Strains measured 
in the transverse reinforcement were found to exceed the code limitations, in some cases 
exceeding 200% of the limit prescribed in both CSA S6-06 and ACI 440.1R. It was also 
found that at loads close to the service conditions, the cracking behaviour was very 
similar for the beams reinforced with transverse headed bars and bent-bar stirrups. 
Finally, the concept of hybrid reinforcement systems for controlling deflections and 
cracking was introduced. Results from the experiments show promise that these systems 
can better control deflections and cracking at expected service load conditions. 
2.6 Behavior of Circular Cross-Section Members in 
Shear 
2.6.1 Introduction   
Reinforced concrete members with circular cross section are used frequently in practice. 
Despite this fact, only limited research on the shear behaviour of such structural members 
has been published. Further, code rules and guidelines for shear design of circular 
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concrete members are almost non-existent. In practice, these rules are also applied to 
circular members by the use of an equivalent rectangular cross section. The accuracy of 
such an approach is questionable because circular hoops or spirals contribute differently 
to the shear strength compared with rectangular stirrups. Therefore, the shear behavior of 
circular members is, however, quite different from that of rectangular members (Jensen et 
al. 2010).  
2.6.2 Geometry  
Circular geometry is assessed to produce the best design formulae for circular sections. 
Clarke and Bijandi 1993, and Capon and Cossio1965 calculated effective depths on a 
case-by-case basis, taking the distance from extreme compression fibre to the centroid of 
tension reinforcement.  Felthem (2004) notes that the orientation of the pile or column 
relative to the applied shearing force is usually unknown and it would therefore be better 
to have a general equation for effective depth that can disregard the plan layout of the 
longitudinal bars. It can be shown that a sensible estimation for the distance to the 
centroid of the tension bars below the centre of the section is given by 2rs/π, see Figure 2-
17. The effective depth is then defined by Equation 2-4 and given the low error seen 
when using this formula (maximum 3.7%). Hence, Equation 2-4 was proposed for 
effective shear depth, disregarding the plan layout of the longitudinal bars. Equation 2-4 
has been incorporated into the 2012 AASHTO LRFD Bridge Design Specifications, and 
the effective shear depth 
vd is taken as 0.9 d . 
( / 2 / )rd D D                                    Equation ‎2-4  
 
Figure ‎2-15: Circular spirals and hoops shear reinforcement geometry (Feltham 2004) 
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2.6.3 Efficiency of Hoops and Spirals Reinforcement  
Considering the section shown in Figure 2-16, it can be seen that only a vertical 
component of the shear force in the circular and spiral stirrups resists the applied shear 
force. However, this component of shear resistance in circular spiral stirrups reducing 
their efficiency when compared to a rectangular section due to the curvature and 
asymmetry of spiral stirrups.  The figure 2-16 shows also that inclination of spiral stirrups 
are intersected the inclined shear plane twice in each revolution, but one side of spiral 
will be less beneficial than the other side at resisting shear because its inclination to the 
shear plane. Therefore, to prevent torsion from being applied to the concrete section, the 
two sides of the spiral must take the same force. It is proposed to consider twice the 
capacity of the less beneficial side rather than the net capacity of the section (Feltham 
2006). As well, the angle between the spiral leg and the shear failure plane is different on 
either side of the center line of the member as shown in Figure 2-16. The two opposing 
legs in spirally bound sections will be at angle α and (180-α) to each other (Clarke and 
Bijandi 1993).  
 
Figure ‎2-16: Circular spirals and hoops shear reinforcement geometry 
   Chapter 2 – Literature Review 
  
46 
 
Some of approaches in codes and guidelines of RC members reinforced with stirrups do 
not consider the curvature and asymmetry of the spirals in their equations. The shear 
reinforcement contribution for RC members in CSA S806-12 equation is based on the 
stirrups perpendicular to the longitudinal axis and make no allowance for their curvature 
and inclination of stirrups as shown in Equation 2-5. 
cot
f fv fv v
sf
A f d
V
s

                                 Equation ‎2-5  
On contrary, the ACI 318-14 gives an equation for calculating the shear reinforcement 
contribution of inclined rectangular stirrups, which considered that the efficiency of 
inclined stirrups is simply equal to (sin cos )  times that of vertical stirrups with the 
same cross section, taking cot 1  as in Equation 2-6. Similar to ACI 318-14, the JSCE 
1997 equation is taken that the efficiency of inclined stirrups is indicated by 
(sin cos )  in Equation 2-7. 
(sin cos )v y
s
A f d
V
s
 
                                 Equation ‎2-6  
(sin cos ) / /sf fv v fv bV A E s z                                     Equation ‎2-7  
The method for computing sfV in the ACI 440.1R-15 is followed the same approach of the 
ACI 318-14 for RC members with inclined FRP rectangular stirrups, but is considered 
that the spiral stirrups may be taken as a special form of inclined stirrups. Hence, the total 
efficiency of the FRP rectangular spiral stirrups, compared to vertical stirrups, simplifies 
to sin  instead of (sin cos )  as in Equation 2-8. 
sin
fv fv
sf
A f d
V
s
                                                                   Equation ‎2-8  
Moreover, most of shear reinforcement equations, which are included in the codes and 
guidelines such as AAHTO LRFD 2012, CSA A23.3-14, and CSA S6-41, are taken the 
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effect of stirrups inclination  and the angle of the diagonal compressive stress, , but do 
not consider the curvature in their equations as presented in Equation 2-9.  
(cot cot )sins v y v
s
A f d
V
s
   
                                                                 Equation ‎2-9  
Clarke and Birjandi (1993) proposed that design for shear in circular sections, which 
followed the same approach in BS5400 and BS8110 for rectangular sections, considering 
the area of the spiral reinforcement should be reduced by the factor sin to account the 
spiral inclination. 
Feltham 2004 provided details analysis of spirally reinforced circular sections to 
determine the vertical component of Vs in the spiral stirrups by using the Equation 2-10. 
The equation was taken in its consideration the effect of curvature and inclination of 
stirrups. 
1
2
1 sin1 (1 sin )
( / 2 sin cos )
1 sin
1 ( )
2
sv yv
s
sv
A f r p
V
p rp
r
 
   
 

  
     

                                                                                                            
Equation ‎2-10  
where, yvf is the tensile strength of shear reinforcement, svA is cross section area of the legs 
of the spiral stirrup, p is spiral pitch, r, rsv, β,  α1 are described in Figure 2-16. 
Priestley et al. (1994) proposed the Equation 2-11 for the shear reinforcement capacity of 
circular sections, considering the stirrups to be effective over the full depth of the 
column. In 2000, Kowalsky noted that within the compression zone, cracks must be 
closed and so there cannot be any shear transfer by strain in the reinforcement in this 
zone. It is then sensible to say that stirrups provide shear resistance only in the tension 
zone and therefore the equation should be effective over a reduced area as (D-c-cover) in 
Equation 2-12.  
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(2 )
cot
4
sv yv
s
A f D
V
s



                                                                           Equation ‎2-11  
cov
(2 ) cot
4
s sv yv
D c er
V A f
s
 
 
                                                   Equation ‎2-12  
Recently, Turmo et al. (2009) considered a Eurocode based approach for both solid and 
hollow circular sections, obtaining more general results by allowing the stirrups to be 
effective over a variable depth. The proposed equation for Vs as shown below: 
1 2 cot
sv yv
s
A f z
V
s
                                                                             Equation ‎2-13  
where,
 yv
f is the tensile strength of shear reinforcement,
 1
 is effectiveness factor for 
circular section (is taken as 0.85), and 0.9 .z d  The efficiency factor 
2 which account 
for spiral reinforcement is calculated as in Equation 2-14.  
2
2
1
1 ( )
2 sv
p
r




                                                                                      Equation ‎2-14  
2.6.4 Previous Work on Circular Reinforced Concrete Members 
From the review of the literature, it seems that relatively few experimental have been 
conducted to investigate the shear strength of circular members reinforced with steel 
reinforcement. The amount of work done on members with circular members is very 
limited compared to the large numbers of shear tests of members with rectangular 
sections. No research, however, seems to have investigated circular concrete members 
reinforced with FRP reinforcement. 
Capon and De Cossiso (1965) investigated the shear strength of twenty-one circular RC 
members, with diameter ranged from 150 mm to 250 mm, following the earthquskes of 
Mexico City (1957) and Coatzacoalcos-Jaltpan (1959), where a large number of circular 
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columns were found to have failed in shear. Eleven of the specimens failed in shear, two 
with stirrups and nine without. It was stated that the shear strength of the columns tested 
was deemed to be primarily dependent on the concrete strength and cross section area, 
with longitudinal steel percentage being less important. In 1974, some work on circular 
RC members was conducted at the University of Toronto by Aregawi. He made and 
tested four specimens of 457 mm in diameter. An attempt was made to measure hoop and 
longitudinal strains, however much of the strain data was unreliable due to the difficulties 
during measuring strains over curved surface of stirrups. Khalifa and Collins (1981) 
tested five circular members at the University of Toronto, all 445 mm in diameter. These 
were subjected to an axial load of 1000 kN, equivalent to a stress of 6.4 MPa. All 
specimens failed in shear.  
Clarke and Bijandi (1993) provided one of the largest experimental data on shear of 
circular RC members. The project involved the testing of a 50 specimens to study the 
significant variables (concrete strength, amount of tensile reinforcement, amount and type 
of shear reinforcement, effect of axial load, and specimen size), and hence to develop a 
suitable design method for inclusion in Codes of Practice (BS5400-4). Three different 
diameters were tested, i.e. 152mm, 300mm, and 500mm. Based on the analysis of 
experimental results, Clarke and Bijandi concluded that the shear capacity of circular 
cross-sections may be determined using the approach for rectangular sections given in 
either BS8110 or BS5400, with four modifications in estimating the area of tension 
reinforcement; effective depth, d; effective shear area; and area of spiral reinforcement.   
Ghee et al. (1989) studied 25 circular columns under axial load and cyclic lateral inelastic 
displacements, 24 of them failing in shear. The columns had a diameter of 400 mm. 
Variables in the test included axial load level, longitudinal reinforcement ratio, transverse 
reinforcement ratio, and aspect ratio. They addressed, for the first time, the efficiency of 
circular hoops and deduced the formula for calculating Vs presuming a 45-degree 
diagonal tension crack and vertical reinforcement. The work of Ghee et al. (1989) was 
completed by Priestley et al. (1994, 1996) which takes into account the potential 
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development of steeper angles of cracking other than 45-degree one. Various 
experimental researches on circular RC members loaded monotonically in shear were 
aimed at verifying the possibility to extend to circular sections the use of design 
equations developed for rectangular sections (Clarke andBirjandi 1993; Khalifa and 
Collins 1981). 
Lee et al. (2004) tested four full scale circular members, which show shear related 
behavior under cyclic lateral load with constant axial force. The test variables are aspect 
ratio, transverse steel configuration (with or without hoops), and longitudinal steel ratio. 
The columns showed flexure-shear or flexural failure depending on the test variables. 
The test results were compared with shear strength equations adopted by the bridge 
seismic design specifications or guidelines and proposed by other researchers. The study 
showed that the accuracy of each method for shear strength prediction also depends on 
the aspect ratio and the relative steel amount of longitudinal reinforcement and transverse 
reinforcement. 
Merta (2007) proposed a model based on the truss analogy by adding a concrete 
contribution term to the capacity of the shear reinforcement. An additional deviatoric 
shear resisting mechanism of hoops, present exclusively in members with curved 
transverse reinforcement, was identified and expressed analytically. It is explained by the 
fact that a curved reinforcing bar under tension induces compression in radial direction as 
well. The component of this compressive force in the direction of external shear could 
thus be considered as an additional shear enhancing mechanism of the hoops. Its 
magnitude is expressed through the friction force that is present between the concrete and 
steel after the section is cracked and the bond is partially destroyed. Under these 
assumptions, the concrete shear capacity was derived by a parametric study. 
Turmo et al. (2009) proposed an analytical model for evaluating the contribution of the 
transverse reinforcement in concrete members of solid and hollow circular cross section, 
consisting in an accurate formula for evaluating the shear transferred by spiral 
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reinforcement in solid members. The calculation of hollow core circular columns with 
both vertical and spiral reinforcement was also deduced. 
Recently, Jensen et al. (2010) presented the results of a test series on sixteen-heavily 
shear reinforced circular concrete members. The specimens had shear reinforcement 
percentages up to more than three times the maximum percentage found in existing tests. 
The test results indicate that it is possible to obtain shear strengths which exceed the 
upper limit usually imposed on rectangular members. The test results are compared with 
a recently developed plasticity-based shear model for circular members. Satisfactory 
agreement was found. Comparisons were also made with calculations using the 
AASHTO LRFD design code. It was found that the AASHTO LRFD design code gives 
reasonable results for members with small amounts of shear reinforcement while it 
underestimates the shear strength for heavily shear reinforced members. 
2.7 Shear Design Provisions for FRP-Reinforced 
Concrete Members 
Several shear design equations established by different organizations in North America, 
and Japan are selected and reviewed in this section. These design equations address the 
unique characteristics of FRP reinforcement affecting the shear behavior of flexural 
members but in different manners. 
2.7.1 ACI 440.1R-15 Design Guidelines    
The concrete shear capacity Vcf 
of flexural members using FRP as main reinforcement 
can be determined as follows: 
(2 5) ccf wV f b c                                                                                       Equation ‎2-15 
where 
cf  =concrete compressive strength; bw = width of the web; and c = cracked 
transformed section neutral axis depth. For singly reinforced rectangular cross sections, 
c kd and k  is calculated as follows: 
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22 ( )f f f f f fk n n n                                                                        Equation ‎2-16  
where f = FRP reinforcement ratio and f cfn E E , fE and cE  are the moduli of 
elasticity of the longitudinal FRP bars and concrete, respectively). 
The shear resistance provided by FRP stirrups perpendicular to the axis of the member 
sfV  can be evaluated as follows: 
fv fv
sf
A f d
V
s
                                                                                                 Equation ‎2-17  
where d =effective depth; fvA =total cross-sectional area of shear reinforcement within a 
distance s; s = spacing of shear reinforcement; and ffv  
= design stress level in the FRP 
shear reinforcement at ultimate and can be calculated as follows: 
0.004fv v fubentf E f                                                                                  Equation ‎2-18  
The bend capacity fbf can be determined according the following equation: 
(0.05 / 0.3)fubent b b fu fuf r d f f                                                               Equation ‎2-19  
when continuous FRP rectangular spirals are used as shear reinforcement (in this case, s  
is the pitch and   is the angle of inclination of the spirals), Equation 2-20 gives the 
contribution of the FRP spirals: 
sin
fv fv
sf
A f d
V
s
                                                                                        Equation ‎2-20  
2.7.2 Canadian Standard Code CAN/CSA-S806-12 
The CSA S806-12 specifies that the nominal shear resistance, Vr, of FRP-reinforced 
concrete members be computed as: 
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0.22r cf sf c w vV V V f b d                                                                            Equation ‎2-21  
where for sections having an effective depth not exceeding 300 mm and with no axial 
load acting on them, the concrete contribution is calculated as follows: 
1/30.05 ( )cf c m r c w vV k k f b d                                                                       Equation ‎2-22  
where   is the concrete density factor and is 1.0 for normal density concrete, ϕc  is the 
material resistance factor, km and kr are factors accounting for the effects of moment to 
shear ratio and longitudinal reinforcement rigidity, respectively, on the shear strength of 
the section under consideration and are given as 
1/2( / ) 1.0m f fk V d M                                                                               Equation ‎2-23  
1/31 ( )r f fk E                                                                                            Equation ‎2-24  
Where ρf  is the longitudinal FRP reinforcement ratio. The value of cfV  calculated by 
Equation 2-22 shall not be taken greater 0.22 c w vf b d  nor less than 0.11 c w vf b d , and cf   
shall not be taken greater than 60 MPa.  
For members with a/d, or more generally /f fM V d , less than 2.5, the value of Vcf  shall be 
multiplied by the factor Ka to account for shear resistance enhancement by arch effect. 
(2.5 ) /a f fk V d M                                                                                       Equation ‎2-25  
where 1.0 2.5.ak   
To account for the size effect, for members with effective depth greater than 300 mm and 
with less transverse shear reinforcement than Av,min and the value of Vcf is reduced by 
multiplying it by the factor Ks. 
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,min 0.07
0.4
w
v c
fuv
b s
A f
f
                                                                              Equation ‎2-26  
750
( ) 1.0
450
sk
d
 

                                                                                     Equation ‎2-27  
where d is in mm. The parameters km, kr, ka and ks in the expression for Vcf 
 are derived 
semi-empirically in the sense that they are supported by mechanics-based rational 
arguments, but the specific mathematical form of each parameter is calibrated using 
experimental data (Razaqpur and Isgor 2006; Razaqpur et al. 2011). The parameters 
reflect the effects of well-known factors on Vcf, factors that are described in detail by the 
ASCE-ACI Committee 445 on Shear and Torsion (1998). 
For members with FRP transverse reinforcement perpendicular to the member axis Vsf is 
calculated using: 
cot
fv fv v
sf
A f d
V
s
                                                                                      Equation ‎2-28  
The maximum stress ffv 
is taken as the smaller of 0.005Ev, 0.4ffu, or 1200 MPa, and the 
angle   of the diagonal compressive stress shall be calculated as: 
130 7000                                                                                               Equation ‎2-29 
where the longitudinal strain ε1 at mid-depth of the section shall be calculated as: 
 
1
/ ( / 1) ( / 1)
2( ) 2( ) 2( )
f v f f f f v f v
f f f f f f
M d V V M V d V a d
E A E A E A

  
                             Equation ‎2-30 
2.7.3 Canadian Standard Code CAN/CSA-S6-14  
The recently published version of the Canadian Highway Bridge Design Code 
(CAN/CSA-S6-14) included a new section for fibre reinforced structures. According to 
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the CHBDC, the shear strength of concrete members is based on the modified 
compression field theory (MCFT). For FRP reinforced concrete members, the following 
modifications are introduced in the general method to reflect using FRP reinforcement 
instead of steel reinforcement: 
2.5 ccf c r w vV f b d                                                                                     Equation ‎2-31 
where, 
1
0.4 1300
.
(1 1500 ) (1000 )zes



 
                                                                     Equation ‎2-32 
1
/ ( / 1) ( / 1)
2( ) 2( ) 2( )
f v f f f f v f v
f f f f f f
M d V V M V d V a d
E A E A E A

  
                              Equation ‎2-33 
For members with FRP transverse reinforcement perpendicular to the member axis, sfV  
shall be calculated as follows: 
cot
fv fv v
sf
A f d
V
s
                                                                                     Equation ‎2-34 
For members with FRP transverse reinforcement inclined at an angle to the member axis 
direction that will intersect diagonal cracks caused by the shear, sfV  shall be calculated as 
follows: 
(cot cot )
sin
fv fv v
sf
A f d
V
s
 


                                                              Equation ‎2-35 
0.004fv v fubentf E f                                                                                    Equation ‎2-36 
(0.05 / 0.3) 1.5fubent b b fuf r d f                                                                Equation ‎2-37 
1(29 7000 )(0.88 / 2500)zes                                                              Equation ‎2-38 
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where dv is the greater value of 0.72D or 0.9d. 
2.7.4 JSCE Shear Design Method 
The design shear capacity provided by concrete cfV  can be determined according to the 
following equation: 
 /cf d p n vcd w bV f b d                                                                                Equation ‎2-39 
The value 
b is the strength reduction factor; βd, βp, and βn 
are the size effect factor, factor 
considering the stiffness of tensile reinforcement, and factor considering the axial force 
on the cross section, respectively, 
where 
  1/3 20.2      0.72 /         vcd cf N mmf                                                     Equation ‎2-40 
1/4(1000 )     1.5   d d                                                                             Equation ‎2-41 
1/3(100 / )      1.5p f f sE E                                                                    Equation ‎2-42 
1     2                 0 n o d dM M for N                                                  Equation ‎2-43 
1 2     0                0 n o d dM M for N                                                 Equation ‎2-44 
where 
oM = decompression moment; Md  = design bending moment; and N’d = design 
axial compressive force. 
The design shear contribution Vsf  by vertical FRP stirrups is given by: 
/ /sf fv v fv bV A E s z                                                                                   Equation ‎2-45 
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when FRP rectangular stirrups are inclined with angle   which formed by shear 
reinforcement and member axis, the shear contribution Vsf is given by: 
(sin cos ) / /sf fv v fv bV A E s z                                                          Equation ‎2-46 
1/100.0001 ( ) .
300
/
f f
fv cd
fv v
fubent v
Eh
f f E
E



                                          Equation ‎2-47 
(0.05 / 0.3) 1.3fbent b b fuvf r d f                                                                Equation ‎2-48 
Where Afv is the total cross-sectional area of shear reinforcement, ρfv 
is the shear 
reinforcement ratio, Ev is the Young's modulus of shear reinforcement, εfv 
is the design 
value of shear reinforcement strain at ultimate limit state, z is the distance between points 
of action of the tensile and compressive resultant forces and it is equal to d/1.15, fu bentf is 
the design strength of the bent portion of the FRP stirrups, fuf  
is the tensile strength of 
the straight portion of the shear reinforcement, and h is the total depth of the member. 
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CHAPTER 3               
RESEARCH PROGRAM 
3.1 General 
Based on the above discussion in chapter two, review of literature has demonstrated the 
need for further knowledge on the shear behavior of circular RC members reinforced 
with FRP bars and spirals, which are the most important elements in the structure. 
The research investigation was conducted to evaluate the behavior of the circular 
concrete members internally reinforced with GFRP or CFRP longitudinal bars and 
spirals. The extrapolation of test results and proposed design equations for shear in 
rectangular FRP-reinforced concrete sections should be verified. It is important to 
examine the validity of these equations and to determine whether certain modifications 
should be introduced in order to make them suitable for circular concrete members 
reinforced with FRP spirals. This chapter presents the details of whole research program. 
3.2 Experimental Research Program 
3.2.1 Introduction 
The experimental program focuses on the behavior of circular concrete members 
reinforced with GFRP or CFRP longitudinal bars and spirals under shear loads. 
Moreover, the experimental work will discuss about the effect of the GFRP or CFRP 
reinforcement (longitudinal bars and transverse spirals) on the members behavior. The 
following sections present the experimental research program in terms of materials, test 
matrix, specimens’ details, and parameters.  
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3.2.2 Material Properties 
Four materials were used in fabricating the test specimens, these material are the 
concrete, steel (for control specimens), GFRP, and CFRP. 
3.2.2.1 Concrete 
The specimens were cast on four days and from four ready ready-mix concrete batches. 
Compressive tests carried out on at least ten 150 x 300 mm concrete cylinders for each 
batch. Test results showed that the average compressive strength of concrete batches 
ranged between 36 and 49 MPa at 28 days.  
3.2.2.2 Steel Reinforcement 
Two types of reinforcing steel bars were used in this study to reinforce the steel RC 
specimens: first, deformed steel bar #6 (nominal diameter 20 mm) for longitudinal 
reinforcement. Second, smoothed bar #4 (nominal diameter 13 mm) served as spiral 
reinforcement. Table 3-1 shows the mechanical proprieties of grade 60 steel bars used in 
this study. 
Table ‎3-1: Steel reinforcing properties 
Bar No. 
Area 
(mm
2
) 
Elastic Tensile 
Modulus Es       
(GPa) 
Yield Tensile 
Strength fy
   
(MPa) 
Tensile    
Strain  
(%) 
# 4 129 200 420 0.21 
# 6 300 200 460 0.23 
3.2.2.3 GFRP Reinforcement 
Two types of sand-coated GFRP bars and newly developed GFRP spirals were used to 
reinforce the GFRP RC specimens in the longitudinal and transverse directions, 
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respectively (see Figure 3-1 and Figure 3-2). Type I: GFRP bars, V-RODTM, 
manufactured by Pultrall Inc. (Thetford Mines, Quebec, Canada). Type II: GFRP bars 
manufactured by BP Composites Ltd (2014). The tensile properties of longitudinal FRP 
bars were determined by performing B.2 test method according to ACI 440.3R (2004) as 
reported in Table 3-2. 
  
Figure ‎3-1: GFRP bars 
  
Figure ‎3-2: GFRP spirals 
3.2.2.4 CFRP Reinforcement 
Also, sand-coated CFRP bars and newly developed CFRP spirals were used to reinforce 
the CFRP-RC specimens in the longitudinal and transverse directions, respectively as 
shown in Figure 3-3 and Figure 3-4. Table 3-3 represents the tensile properties of 
Type I Type II 
 Type I Type II 
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longitudinal CFRP bars determined by performing B.2 test method according to ACI 
440.3R (2004). 
Table ‎3-2: Mechanical properties of the GFRP reinforcement 
Bar 
Type
*
 
Bar 
Size 
Diameter 
(mm) 
Area 
(mm
2
) 
Elastic Tensile 
Modulus 
(GPa) 
Tensile 
Strength 
(MPa) 
Tensile 
Strain 
(%) 
 GFRP bars 
 # 4 12.7 127 50.0 fuf  = 1019 2.03 
Type I # 5 15.9 198 50.0 fuf  = 1001 2.0 
 # 6 20 285 63.7 fuf  = 1105 1.73 
Type II 
# 4 12.7 127 47.0 fuf = 1050 2.23 
# 5 15.9 198 49.5 fuf = 1003 2.02 
# 6 20 285 62.8 fuf = 1103 1.76 
* As provided by the manufacturer, type I: GFRP bars manufactured by Pultrall Inc., type 
II: GFRP bars manufactured by BP Composites Ltd. 
3.2.3 Test Matrix, Parameters and Specimens Details 
Experimental program of the current research consists of twenty full-scale circular RC 
specimens, 500 mm in diameter and 3,000 mm in length (see Figure 3-5). The test matrix 
was arranged to assess the influence of reinforcement type (GFRP and CFRP versus 
steel); longitudinal FRP reinforcement ratio; spiral reinforcement ratio (diameter, and 
spacing of spirals), and shear-span-to-depth ratio (a/d).  
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Figure ‎3-3: CFRP spirals 
 
Figure ‎3-4: CFRP bars 
Table ‎3-3: Mechanical properties of the CFRP reinforcement 
Bar 
Size
*
 
Diameter 
(mm) 
Area 
(mm
2
) 
Elastic Tensile 
Modulus 
(GPa) 
Tensile 
Strength 
(MPa) 
Tensile 
Strain 
(%) 
CFRP bars 
# 4 12.7 127 124.4 fuf  = 1562 1.26 
# 5 15.9 198 141 fuf  = 1679 1.20 
* As provided by the manufacturer 
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The tested specimens were categorized in five series as shown in Table 3-4.  Series I was 
proposed in the experimental program as control specimens. The series contains two 
reference steel RC specimens without and with shear reinforcement (BS1.5 and BS4-150, 
respectively). The two steel specimens were reinforced longitudinally with #6 (20 mm) 
steel bars and transversely with #4 (13 mm) steel spirals with spacing of 150 mm. These 
control specimens were introduced into the experimental program as reference for 
comparison with GFRP and CFRP-RC specimens.   
In series II, the experimental program of study was designed to provide experimental data 
on the shear strength of circular concrete members reinforced with GFRP bars, but 
without web reinforcement (spirals). The specimens in Series II (BG1.5, BG2.5, and 
BG3.5) had the same GFRP reinforcement type (Type I GFRP bars) and different 
longitudinal reinforcement ratios (1.5, 2.5, and 3.5%), respectively. The specimens of this 
series investigate the effect of the GFRP longitudinal reinforcement ratio on shear 
strength of circular RC members and to determine the concrete contribution to their shear 
resistance. Also, series II is considered as a reference for series III that is investigates the 
behavior and shear strength of members reinforced with GFRP bars and spirals.  
Series III consists of five specimens, all specimens were reinforced with GFRP 
longitudinal bars and GFRP spirals reinforcement (Type I GFRP bars). Test matrix and 
details of specimens of series III are presented in Table 3-4. The specimens of this series 
were divided into two groups according to test matrix. Group I includes three specimens 
(BG4-200, BG4-150, and BG4-100), reinforced longitudinally with 10 #6 (20 mm) and 
transversally with #4 (12.7 mm) GFRP spirals, to study the effect of spiral spacing. 
While, the influence of spiral diameter (size) was considered in group II by using #5 
(15.9 mm) GFRP spirals with spacing of 100 and 150 mm in specimens BG5-150 and 
BG5-100, respectively.  
 Series IV includes six RC specimens reinforced with GFRP-longitudinal bars and GFRP-
spirals (Type II GFRP bars). Test matrix and details of specimens of series IV are 
presented in Table 3-4. The specimens of this series also were divided into three groups 
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according to test matrix. Group I includes two, B2.6-S0.26 and B2.6-S0.35, reinforced 
longitudinally with 10 #6 (20 mm) GFRP bars and transversely with #4 (12.7 mm) GFRP 
spirals and with a various spacing, 200 and 150 at a constant /a d = 2.6, respectively. 
These specimens were introduced to study the effect of spirals spacing on shear capacity.  
In group II, the specimen, B2.6-S0.53, was reinforced with #5 (15.9 mm) GFRP spirals 
with a constant spacing (150 mm) and /a d = 2.6. This specimen served to study the 
effect of the spirals diameter. Finally, Group III in this series includes three specimens, 
B3.0-S0.35, B2.0-S0.35, B1.6-S0.35, which were constructed with a constant 
longitudinally GFRP bars (10 #6) and spirals spacing (150 mm), but with different /a d  
ratios (1.6, 2.0, and 3.0) to add needed experimental data for circular FRP-RC members 
governed by strut-and-tie behavior. 
Finally, series V consists of four specimens totally reinforced with CFRP reinforcement. 
The specimens comprised three specimens reinforced longitudinally with 16 #5 CFRP 
bars and CFRP spiral reinforcement, and one specimen without spirals was constructed as 
shown in Table 3.4. The effect of CFRP spiral reinforcement ratio was investigated using 
#4 spiral at a spacing of 200, 150, 100 mm (BC-200, BC-150 and BC-100, respectively). 
The specimen BC1.5 included in this series (without shear reinforcement), served as a 
reference specimen to evaluate the CFRP spirals contribution on shear resistance.  Figure 
3-5 to Figure 3-7 present the reinforcement details of each circular specimen. The 
flexural capacity and shear capacity of circular FRP-RC specimens were obtained based 
on the sectional analysis and shear design equations, respectively, as shown in Appendix 
(B).  
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Figure ‎3-5: Reinforcement details of specimens without shear reinforcement 
 
Figure ‎3-6: Reinforcement details of specimens with GFRP and CFRP spiral 
reinforcement 
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Table ‎3-4: Test Matrix and Specimens Details  
Series 
Specimen 
 ID 
 cf   
(MPa)  
a/d  
 
Material 
type 
Longitudinal 
reinforcement 
Shear reinforcement 
No. of 
bars 
fl  
(%) 
Configur. 
Bar # 
(mm) 
S 
(mm) 
fv  
(%) 
Series I  
BS1.5 37.6 2.6 Steel 10#6 1.5 -- -- -- -- 
BS4-150 37.6 2.6 Steel 10#6 1.5 Spiral #4 150 0.34 
Series 
II  
BG1.5 38.1 2.6 GFRP
*
 10#6 1.5 -- -- -- -- 
BG2.5 38.1 2.6 GFRP
*
 18#6 2.5 -- -- -- -- 
BG3.5 38.1 2.6 GFRP
*
 24#6 3.5 -- -- -- -- 
‏Series 
III  
BG4-200 39.3 2.6 GFRP
*
 10#6 1.5 Spiral #4 200 0.26 
BG4-150 39.3 2.6 GFRP
*
 10#6 1.5 Spiral #4 150 0.35 
BG4-100 39.3 2.6 GFRP
*
 10#6 1.5 Spiral #4 100 0.51 
BG5-150 39.3 2.6 GFRP
*
 10#6 1.5 Spiral #5 150 0.53 
BG5-100 39.3 2.6 GFRP
*
 10#6 1.5 Spiral #5 100 0.79 
Series 
IV  
B2.6-S0.26 49.4 2.6 GFRP
**
 10#6 1.5 Spiral #4 200 0.26 
B2.6-S0.35 49.4 2.6 GFRP
**
 10#6 1.5 Spiral #4 150 0.35 
B2.6-S0.53 49.4 2.6 GFRP
**
 10#6 1.5 Spiral #5 150 0.53 
B3.0-S0.35 49.4 3.0 GFRP
**
 10#6 1.5 Spiral #4 150 0.35 
B2.0-S0.35 49.4 2.0 GFRP
**
 10#6 1.5 Spiral #4 150 0.35 
B1.6-S0.35 49.4 1.5 GFRP
**
 10#6 1.5 Spiral #4 150 0.35 
Series 
V  
BC1.5 36.7 2.6 CFRP 16#5 1.5 -- -- -- -- 
BC-200 36.7 2.6 CFRP 16#5 1.5 Spiral #4 200 0.26 
BC-150 36.7 2.6 CFRP 16#5 1.5 Spiral #4 150 0.34 
BC-100 36.7 2.6 CFRP 16#5 1.5 Spiral #4 100 0.51 
*
 Type I, GFRP bars, V-RODTM, manufactured by Pultrall Inc. (2012); 
**
 Type II, GFRP 
bars manufactured by BP Composites Ltd (2014). 
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Figure ‎3-7: Reinforcement details of specimens (series IV) with GFRP spiral 
reinforcement 
3.2.4 Fabrication of Test Specimens 
Reinforcing GFRP, CFRP, and steel cages were assembled in the Structural Engineering 
Laboratory at Université de Sherbrooke after the FRP and steel bars arrived from the 
supplier as shown in Figure 3-8 and Figure 3-9. The longitudinal bars were held in their 
positions at equal intervals on the perimeter of the specimen. The cages were designed to 
have an outside diameter 420 mm, allowing for 40 mm clear spacing on all perimeter of 
the cardboard tube (very stiff Sonotubes), which has a 500 mm internal diameter (see 
Figure 3-10). Wooden plugs were used to seal the ends. Three inclined formwork were 
designed and constructed to keep all specimens in inclined position. Then, the specimens 
were supported on the formwork by Kevlar strap as shown in Figure 3-11. 
Casting of all specimens was performed in four days, and a slump test was performed 
immediately after concrete truck arrived. The concrete was pumped into the upper end 
through a hole in the wooden plug. The specimens were filled with concrete in three 
layers. Immediately after pouring, concrete was vibrated with an electrical vibrator to 
release the voids and consolidate the concrete after each layer. Ten standard cylinders of 
a=variedb=varied b=varieda=varied
3000 mm
a/d=2.6 a/d=2.6 a/d=2.6 a/d=3.0 a/d=2.0 a/d=1.6
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#4 @150
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150 mm diameter and 300 mm height were prepared and cured in the same conditions of 
the specimens. 
 
 
Figure ‎3-8: Overview of the GFRP cages 
 
GFRP (Type I) 
GFRP (Type II) 
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Figure ‎3-9: Overview of the CFRP cages 
 
(a) GFRP cage 
 
(b) CFRP cage 
Figure ‎3-10: Overview for cages inside cardboard tube 
One day after casting, the specimens were de-moulding from its formwork, cured three 
times a day for 7 days under the ambient temperature in the laboratory, and covered with 
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burlap. Figure 3-12 shows the casting of specimens and Figure 3-13 illustrates the 
circular specimens after casting.  
 
 
Figure ‎3-11: Overview of the formwork  
Nine days after casting, all specimens were lifted slowly by 5 ton capacity truck using the 
hook inside the specimen and moved from the formwork to their place in the laboratory 
as shown in Figure 3-14. 
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Figure ‎3-12: Casting specimens 
 
Figure ‎3-13: Specimens after casting  
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Figure ‎3-14: Handling of specimens  
3.2.5 Instrumentations 
The deflections of each tested specimen were measured using three linear variable 
displacement transducers (LVDTs) fastened at the mid-span and at each quarter-span to 
monitor the deflection profile along the specimens as shown in Figure 3-15. Both 
reinforcement and concrete strains were measured using electrical resistance strain 
gauges. In each specimen, two electrical strain gauges were bonded on the longitudinal 
reinforcing bars at mid-span to measure tensile strains. Figure 3-4 to Figure 3-7 show the 
instrumentation of the reinforcing bars and spirals with strain gauges before casting the 
concrete.  
In addition, three electrical strain gauges of length 67 mm were bonded on the concrete 
top surface at three levels (D, D/8, and D/4) at mid-span to measure the concrete 
compressive strains. Furthermore, to measure the concrete diagonal strains located at 
mid-depth (D/2) of the cross section, three strain gauges were attached on the concrete 
surface at mid-shear span (See Figure 3-16). The shear crack widths were measured using 
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six high accuracy LVDTs (±0.001 mm), which were installed in the position of shear 
cracks as soon as they appeared (three in each shear span) as shown in Figure 3-16.  
 
Figure ‎3-15:  Instrumentations of test circular specimens 
 
Figure ‎3-16: Location of crack measurement using LVDTs 
3.2.6 Test Set-up and Procedure 
A new test set-up was designed and fabricated in the University of Sherbrooke’s 
structural laboratory for testing the circular memebers of the current investigation. The 
set-up frame consists of two I-section vertical columns (W12) and connected by 
horizontal I-section beams (W18). Each of the columns was bolted to the ground strong 
floor with 32 mm threaded rods. A hydraulic actuator with a capacity of 1000 kN was 
held in the middle of the frame from an upper horizontal I-section beam (W18). All 
specimens were simply supported and loaded with four-point loading. The load was 
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transferred from the actuator to the tested specimen at two points through a steel spreader 
I-beam applied on the round surface of the circular specimen. Steel saddles were 
designed in order to accommodate the circular geometry at the loading and support 
points. Rubber and aluminum sheets were sheets were used as an intermediate layer 
between the saddles and test specimen to ensure a smooth, uniform distribution of the 
applied load at the loading point. Moreover, prior to the specimen test, a thin layer of 
high-strength cement grout was applied to the supports for leveling and to compensate for 
any geometrical imperfections in the saddles and specimens. During the test, the loading 
was stopped when the first three shear cracks in each shear span appeared and the initial 
crack widths were measured using hand-held 50X microscope. Then, the six high 
accuracy LVDTs were installed to measure crack width with increasing load. The applied 
load, deflection, and strains in the concrete and reinforcement were electronically 
recorded during the test using a data-acquisition system monitored by a computer. The 
different components of the test setup can be shown schematically in Figure 3-17 and by 
photograph in Figure 3-18.  
 
Figure ‎3-17: Schematic of test setup 
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Figure ‎3-18: Photograph of test setup 
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CHAPTER 4              
STRENGTH AND BEHAVIOR OF CIRCULAR 
FRP-REINFORCED CONCRETE SECTION 
WITHOUT WEB REINFORCEMENT IN 
SHEAR 
4.1 Preface  
4.1.1 Journal 
Journal Title: ASCE Journal of Structural Engineering. 
Submittal/Acceptance Date: Accepted April, 2016.  
Acceptance Status: Published online. 
4.1.2 Contribution in thesis:  
In this chapter, the behavior of the circular members reinforced with FRP bars and 
without shear reinforcement is investigated. The test results and analysis discussion of 
each parameter is represented in this chapter.  
4.2 Abstract 
Considerable experimental research work has been conducted to quantify the shear 
strength Vcf 
of rectangular concrete members reinforced with fiber-reinforced polymer 
(FRP) bars. In contrast, no research seems to have investigated circular concrete members 
reinforced with FRP bars under shear loads. This paper reports on a study on the behavior 
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and shear strength of full-scale circular concrete members reinforced with longitudinal 
FRP bars. The specimens, which measured 3,000 mm in length by 500 mm in diameter, 
were tested under four-point bending. The test parameters included the longitudinal 
reinforcement ratio and the modulus of elasticity of the reinforcing bars. Steel, glass-
FRP, and carbon-FRP bars were used in the experimental program. The experimental 
results were compared to current codes and design guidelines as well as to recently 
developed shear design equations appearing in the literature. The comparison indicates 
that the shear capacity of FRP-reinforced concrete members with circular cross sections 
may be determined with the Vcf 
approaches developed for rectangular sections provided 
that certain modifications are made to take into account the effective shear depth and 
equivalent breadth.  
Keywords: Concrete, Circular, Beams, Fiber-reinforced polymer (FRP), Reinforcement, 
Shear. 
4.3 Introduction 
Reinforced-concrete (RC) members with circular cross sections are often used as laterally 
loaded piers and piles in bridge foundations and in jetty substructures to form a vital part 
of marine and port infrastructure systems. In addition, they are used as secant piling 
systems for building combined earth-retention and groundwater cutoff walls in deep 
foundations for buildings and tunnel excavation applications. The life span of these 
members is often threatened by the deterioration of steel reinforcement as result of 
exposure to deicing salts and/or aggressive environments (NACE International). In the 
last decade, noncorrosive fiber-reinforced-polymer (FRP) reinforcing bars have become 
more widely accepted as cost-effective alternatives to steel bars in many applications, 
such as bridges, parking garages, tunnels, and marine structures (Mohamed and 
Benmokrane 2014; El-Salakawy et al. 2003, Ali et al. 2015d). Nowadays, the use of FRP 
bars in soft-eyes, which are openings in retaining walls that will be pierced by tunnel 
boring machines (TBMs), is gaining popularity in the field of tunnel excavation. Figure 
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4-1 shows the construction application of FRP soft-eyes for the construction of the TTC 
Subway North Tunnels (Toronto, ON, Canada). Glass-FRP (GFRP) bars were used to 
build cages up to 19.0 m long. These soft-eyes are subjected to significant lateral loads 
resulting from earth and water pressure. Consequently, a considerable shear force is 
applied to the cross section (Mohamed and Benmokrane 2015b). 
4.1 Research on Concrete Contribution to the Shear 
Resistance of FRP-Reinforced Members 
Recent years have seen valuable research work investigating and defining the 
contribution of concrete Vcf 
to the shear strength of concrete members reinforced with 
FRP bars. The experimental work has focused mainly on members with rectangular cross 
sections (Tureyen and Frosch 2002; El-Sayed et al. 2006; Razaqpur and Isgor 2006, Jang 
et al. 2009). Accordingly, numerous models have been proposed for determining shear 
capacity, most often based on a statistical curve fit to experimental-beam test results 
(Hoult et al. 2008). In addition, several guidelines and standards have been published, 
including empirical formulae for assessing Vcf : ACI 440-1R (2015), CSA S806-12 
(2012), CSA S6-14 (2014), and JSCE (1997).  
The concrete contribution to the shear resistance of the section Vcf generally represents 
the shear resisted by the uncracked concrete, aggregate interlock, and dowel-action 
mechanisms. The level of contribution of these mechanisms depends on crack width, 
which is a function of the strain in the tension reinforcement and crack spacing 
(MacGregor and Wight 2005). The shear failure of reinforced concrete structures—
whether reinforced by FRP or steel—is sudden and brittle. Hoult et al. 2008 used the test 
results for 146 specimens reinforced longitudinally with carbon-, glass-, and aramid-FRP 
or steel bars to assess the accuracy of the shear-strength equation in CSA A23.3-04. The 
CSA A23.3-04 equations are based on the modified compression-field theory (MCFT). 
The findings suggest that the equations in CSA A23.3-04 can be used—without 
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modification—to design and analyze FRP-reinforced members. This is in good 
agreement with Bentz et al. (2010), who concluded that the fundamental shear behavior 
of FRP-reinforced concrete beams was similar to that of steel-reinforced concrete beams, 
despite the brittle nature of the reinforcement. Razaqpur and Spadea (2015) compared the 
predicted shear strengths of over 300 FRP-reinforced beams, with and without FRP shear 
reinforcement, to their corresponding experimental values in order to assess CSA S806-
12, CSA S6-06, ACI 440, JSCE, and Italian CNR guidelines. They found that the CSA 
method generally gave more accurate results. Recent tests conducted by Alam and 
Hussein 2013a on concrete beams reinforced with FRP bars showed that the size effect 
was more pronounced in FRP-reinforced concrete beams than in steel-reinforced beams. 
 
Figure ‎4-1: GFRP soft-eyes in tunnel applications  
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4.2 Research on the Shear Strength of Circular RC 
Members 
Reinforced concrete members with circular cross sections are used frequently in practice. 
Despite this fact, only limited research on the shear behavior of such structural members 
has been published (Jensen et al. 2010, Ali et al. 2013). The amount of work done on 
members with circular members is very limited when compared to the large number of 
shear tests on members with rectangular sections. Capon and De Cossiso (1965) 
undertook some of the earliest shear tests on 21 circular RC members (diameters ranging 
from 150 mm to 250 mm) following the earthquakes in Mexico City 1957 and 
Coatzacoalcos-Jaltipan (1959), which caused a large number of circular columns to fail in 
shear. Eleven of these 21 specimens—two with stirrups and nine without—were reported 
to have failed in shear. Moreover, the authors stated that they believed that the shear 
strength of the columns tested was primarily dependent on concrete strength and cross-
sectional area, with the percentage of longitudinal steel being less important. Khalifa and 
Collins (1981) tested five columns, all 445 mm in diameter. These columns were 
subjected to an axial load of 1000 kN, equivalent to a stress of 6.4 MPa. All of the 
specimens failed in shear. In 1993, Clarke and Bijandi, working with the British Cement 
Association (BCA), provided one of the largest sets of experimental data on shear in 
circular RC members. The project involved the testing of 50 specimens to study the 
significant variables (concrete strength, amount of tensile reinforcement, amount and type 
of shear reinforcement, effect of axial load, and specimen size) and then to develop a 
suitable design method for inclusion in Codes of Practice (BS5400-4). Three different 
diameters were tested: 152 mm, 300 mm, and 500 mm. Based on the analysis of 
experimental results, Clarke and Bijandi concluded that the shear capacity of circular 
cross sections may be determined using the approach for rectangular sections given in 
either BS8110 or BS5400, with three modifications in estimating the area of tension 
reinforcement: effective depth, d; effective shear area; and area of spiral reinforcement. 
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The literature contains valuable research work for defining these parameters for steel RC 
with circular sections, as presented in the theoretical part of this paper (Priestley et al. 
1994; Kowalsky and Priestley 2000; Collins et al. 2002; Feltham 2004; Merta and 
Kolbitsch 2006; Merta 2007; Turmo et al. 2009).  
Based on the above discussion, research is needed on the shear behavior of circular 
concrete members reinforced with FRP bars. The extrapolation of test results and 
proposed design equations on shear in rectangular FRP-reinforced-concrete sections 
should be verified for circular members. The experimental study reported on herein is 
part of an ongoing comprehensive research program at the University of Sherbrooke, in 
which circular FRP-reinforced-concrete members are tested under shear loading to 
investigate different variables and design parameters.  
4.3 Research Significance 
None of the FRP design codes or guidelines have incorporated specific formulae for 
circular RC members. This is partly due to the lack of experimental test data on such 
members. This paper reports on the test results and shear strength Vcf of full-scale, 
circular FRP-reinforced concrete members without web reinforcement. The effect of the 
reinforcement ratio and the modulus of elasticity of the reinforcing bars on the shear 
strength were investigated experimentally. In addition, the paper assesses the accuracy of 
the current FRP design provisions for predicting the Vcf  of the tested specimens, 
including ACI 440.1R (2015), CSA S6-14 (2014), CSA S806 (2012), JSCE (1997), BISE 
(1999), as well as other methods mentioned in the literature pertaining to circular 
members. 
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4.4 Test Program 
4.4.1 Specimen Design 
The experimental program of our study was designed to provide experimental data on the 
shear strength of circular concrete members reinforced with FRP bars but without web 
reinforcement. A total of five full-scale circular RC specimens, including three reinforced 
with glass-FRP bars, one with carbon-FRP bars, and one with steel reinforcement, were 
tested in bending to determine the concrete contribution to their shear resistance. The test 
specimens were divided into two series of three specimens. The specimens in Series I had 
the same reinforcement ratio (ρf = 1.5%) but different types of longitudinal reinforcement 
(GFRP, CFRP, and steel). The specimens in Series II had the same reinforcement type 
(GFRP) but different reinforcement ratios. Figure 4-2 shows the dimensions, various 
configurations, and reinforcement details of the test specimens. Each specimen was 
simply supported over a 2,400 mm span and had a total length of 3,000 mm, an 
equivalent effective flexural depth (d) of 377 mm, an equivalent effective shear depth       
(dv=0.9d) of 340 mm, and a diameter of 500 mm. The equivalent effective depths were 
estimated based on the shear provisions (Clause 5.8.2.9) in the 2012 edition of the 
AASHTO LRFD Bridge Design Specifications. Table 4-1 provides the test matrix, 
dimensions, and reinforcement details of the specimens. Each specimen was identified 
with a tripartite code. The letter B refers to beam specimen. The letters G, C, and S 
identify specimens as being reinforced totally with GFRP, CFRP, or steel reinforcement, 
respectively. The numbers 1.5, 2.5, and 3.5 represent the longitudinal reinforcement ratio. 
The GFRP-reinforced specimens were reinforced longitudinally with 10, 18, or 24 #6 (20 
mm) GFRP bars. The CFRP-reinforced specimen was reinforced longitudinally with 16 
#5 (15.9 mm) CFRP bars. The control steel specimen was reinforced longitudinally with 
10 M20 (20 mm) deformed steel bars.  
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Figure ‎4-2: Reinforcement details and dimensions of the circular RC specimens  
4.4.1 Material Properties 
The sand-coated GFRP and CFRP bars used in this study were manufactured by 
pultrusion process using E-glass and carbon fibers, respectively, impregnated in a 
modified vinyl-ester resin. High-modulus (HM) GFRP bars (CSA S807-10 Grade III) of 
20 mm designated diameter and CFRP bars of 15 mm designated diameter were used in 
this study. The fiber contents in percentage by weight were 84 and 80 for the GFRP and 
CFRP bars, respectively. Table 4-2 provides the guaranteed properties of these bars, as 
reported by the manufacturer. The tensile strength and elastic modulus were calculated 
using nominal cross-sectional area. Grade 60 steel bars were used to reinforce the steel-
reinforced control specimen. Deformed M20 steel bars (nominal diameter of 20 mm) 
were used as longitudinal reinforcement. Table 4-3 shows the mechanical properties of 
the steel bars. The tensile properties of longitudinal GFRP and CFRP bars were 
determined according to ASTM D7205, as reported in Table 4-2. Also, the mechanical 
properties of the steel bars were obtained according to ASTM A615/A615M-14. 
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Table ‎4-1: Test matrix and details of specimens 
specimen 
ID 
Reinforcing 
Material 
 cf   
(MPa)  
Longitudinal Reinforcement 
No. of Bars 
Reinforcement 
Ratio (%) 
Axial Stiffness
f f
E A (N x 10
6
) 
BS1.5 Steel 37.6 10 M20 1.5 366 
BC1.5 Carbon  36.3 16 No. 15 1.5 446 
BG1.5 Glass  38.1 10 No. 20 1.5 181 
BG2.5 Glass  38.1 18 No. 20 2.5 326 
BG3.5 Glass  38.1 24 No. 20 3.5 435 
Table ‎4-2: Guaranteed properties of GFRP and CFRP reinforcing bars as reported by 
the manufacturer  
Bar Diameter, 
Øf*(mm) 
Nominal Cross-
Sectional Area, 
Af (mm
2
) 
Guaranteed 
Tensile Strength, 
ffu** (MPa) 
Modulus of 
Elasticity, Ef 
(GPa) 
Tensile Strain, 
εfu (%) 
GFRP bars 
20 (#6) 285 1105 63.7 + 2.5 1.73 
CFRP bars 
15 (#5) 198 1679 141 + 2.5 1.20 
*Numbers in parentheses are the manufacturer’s bar designations. 
**Guaranteed tensile strength: Average value – 3 x standard deviation (ACI 440.1R-15). 
Table ‎4-3: Mechanical properties of the deformed steel bars 
Bar Diameter,  
Øs (mm) 
Yield Strength,  
fy (MPa) 
Modulus of Elasticity,  
Es (GPa) 
20.0 460 200 
All of the specimens were cast with normal-weight, ready-mixed concrete. The target 
compressive strength of the concrete was 35 MPa after 28 days. The actual compressive 
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strength was determined based on the average test results of five concrete cylinders (100 
x 200 mm) tested on the same day as the start of testing of the specimens. 
4.4.2 Specimen Fabrication Details 
GFRP, CFRP, and steel cages were assembled for the various specimen configurations. 
The clear concrete cover was kept constant at 40 mm. The circular specimens were 
prepared for casting in very stiff Sonotubes. Wooden plugs were used to seal the ends. 
The Sonotubes were placed in an inclined position, as shown in Figure 4-3, and the 
concrete was cast from the top. External and internal vibration was used. Figure 4-3 
illustrates the fabrication process before and after casting. 
4.4.3 Instrumentation and Test Setup  
Strains in the longitudinal reinforcing bars were measured using electrical-resistance 
strain gauges with gauge lengths of 6 mm. In addition, three strain gauges with a gauge 
length of 60 mm were mounted on the concrete top surface at three different levels (D, 
D/8, and D/4) at the mid-span to measure compressive strains (see Figure 4-2). 
Furthermore, three strain gauges were placed on each shear span to measure concrete 
diagonal strains at the mid-shear span. These strain gauges were installed at mid-depth 
(D/2) of the cross section, as shown in Figure 4-2. Specimen deflection was measured 
with three LVDTs placed at the mid-span and at mid-shear span. The crack width was 
monitored by visual inspection during the test until the first crack appeared, which was 
initially measured with a handheld microscope. Then, seven high-accuracy LVDTs 
(±0.001 mm) were installed at the crack location (three at each shear span and one at the 
mid-span). The test setup was designed and fabricated in the University of Sherbrooke’s 
structural laboratory.  
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Figure ‎4-3: Fabrication and preparation of the circular specimens: (a) overview of the 
assembled FRP cages; (b) FRP cages inside the cardboard tubes; (c) formwork; (d) 
circular specimens 
Steel saddles were designed in order to accommodate the circular geometry at the loading 
and support points. Rubber and aluminum sheets were used as an intermediate layer 
between the saddles and the test specimen to ensure a smooth, uniform distribution of the 
(a) 
(b) 
(c) 
(d) 
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applied load at the loading point. Moreover, prior to specimen testing, a thin layer of 
high-strength cement grout was applied to the supports for leveling and to compensate for 
any geometrical imperfections in the saddles and specimens. The specimens were loaded 
in four-point bending, as shown in Figure 4-4, using a servo-controlled, hydraulic 1000 
kN MTS actuator attached to a spreader beam. The load was applied at a displacement-
controlled rate of 0.6 mm/min. An automatic data-acquisition system monitored by a 
computer was used to record the readings of the LVDTs, load cells, and strain gauges. 
 
Figure ‎4-4: Test setup 
4.5 Experimental Test Results and Discussion 
Table 4-4 summarizes the experimental test results for the tested specimens in terms of 
cracking load, ultimate shear load ( expV ), corresponding concrete strain ( cu ), and the 
measured strain in the longitudinal reinforcement (εu), initial (kcr) and post-cracking     
(ku) flexural stiffness, modes of failure, and deflection. The ultimate shear strength and 
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behavior of the tested specimens, including the effect of the test variables, are discussed 
below. 
4.5.1 Effect of Test Parameters on Load–Deflection Behavior 
This section presents the load–deflection curves for the tested specimens in two groups to 
show the effect of individual parameters on shear behavior of circular RC specimens, as 
depicted in Figure 4-5. The tested specimens demonstrated linear load–deflection 
behavior before cracking. Specimen stiffness at this stage was almost identical regardless 
of reinforcement amount and type, representing the behavior of the uncracked specimen 
using the gross moment of inertia of the concrete cross section. Once cracking occurred, 
stiffness decreased as the load increased. At this stage, the flexural stiffness was 
dependent on the axial stiffness of the reinforcing bars, which is a function of the area 
and modulus of elasticity of the longitudinal reinforcement.  
Figure 4-5(a) shows the effect of reinforcement type on the load–deflection behavior. The 
GFRP-, CFRP-, and steel-reinforced specimens (BG1.5, BC1.5 and BS1.5) were 
designed to have the same flexural-reinforcement ratio. Nevertheless, the increase in 
deflection immediately after cracking was more significant in the GFRP-reinforced 
specimens. This reflects the effect of the modulus of elasticity of the reinforcing bars on 
post-cracking flexural stiffness. Figure 4-5(a) shows that the post-cracking flexural 
stiffness for the specimen reinforced with GFRP bars was lower than that of the specimen 
reinforced with CFRP bars, which, in turn, was lower than that of the specimen 
reinforced with steel. The average ratio between the post-cracking flexural stiffness of the 
steel-reinforced specimen to the GFRP-reinforced specimen was approximately 3.35, 
compared to approximately 1.45 for the steel-reinforced specimen to the CFRP-
reinforced specimen was. These ratios were approximately the same as the ratios of the 
modulus of elasticity of steel to that of FRP bars (3.14 for steel/GFRP and 1.42 for 
steel/CFRP). Consequently, it can be concluded that the post-cracking flexural stiffness 
of the circular FRP-reinforced-concrete specimens to that of the steel-reinforced 
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specimens was the same as the ratio of the axial stiffness of the FRP reinforcing bars to 
that of the steel bars. This is in good agreement with the results of Tureyen and Frosch 
(2002) and El-Sayed et al. (2006). 
Figure 4-5(b) shows the effect of reinforcement ratio on the load–deflection behavior. 
The three GFRP-reinforced specimens (BG1.5, BG2.5, and BG3.5) were designed to 
have reinforcement ratios of 1.5%, 2.5%, and 3.5%, respectively. The figure indicates 
that, as the amount of reinforcement was increased, the post-cracking flexural stiffness 
and ultimate shear strength increased. Table 4-4 and Figure 4-5(b) indicate that, after 
cracking, the flexural stiffness of the GFRP-RC specimens BG3.5 (ku= 61.5 kN/m) and 
BG2.5 (ku 
= 47.62 kN/m) was almost 3 and 2.3 times of that of the GFRP-RC specimen 
BG1.5 (ku 
= 20.5 kN/m). Thus, the flexural behavior of the tested specimens seems to 
have been a function of the axial stiffness of the reinforcing bars. 
4.5.2 Crack Pattern and Modes of Failure  
In all of the specimens, flexural cracks first appeared between the two concentrated loads, 
where the flexural stress is highest and shear stress is zero. As loading increased, new 
flexural cracks formed in the shear spans, curving toward the loading points. A similar 
critical diagonal shear crack was observed at a load level ranging from 56% to 68% of the 
ultimate shear load. Table 4-4 provides the initial and diagonal cracking loads and failure 
modes for all of the tested specimens. Failure occurred as the diagonal shear crack 
extended toward the loading point, leading to diagonal tension failure. Generally, it was 
observed that the specimens with lower reinforcement ratios (BG1.5, BC1.5, and 
BS1.5)—regardless of the type of reinforcement—experienced brittle shear failure with 
few visible diagonal shear cracks. The specimens with higher reinforcement ratios 
(BG2.5 and BG3.5) exhibited ductile shear failure with the formation of several diagonal 
cracks. Figure 4-6 to 4-8 shows the observed critical shear cracks at failure for each 
specimen. Figure 4-9 depicts the final cracking pattern for all of the test specimens. The 
bold lines represent cracks that were formed at failure; the lighter ones, before failure. 
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Severe cover spalling was observed at the upper surface of the specimen close to the 
ultimate load in specimen with high reinforcement ratio (BG3.5).  
Table ‎4-4: Test results 
Specimen 
ID 
Cracking 
Load (kN) 
Failure 
Load 
(kN) 
Ultimate 
Shear 
Load          
V exp 
(kN) 
(θ o) 
Strain (μ) Stiffness 
(kN/mm) 
Deflection 
(mm) 
Failure 
Mode 
Initial 
flexure 
 
Shear 
crack 
Vcr exp 
Bars Concrete 
cr mid 
cr u cr cu kcr ku 
BS1.5 99.6 443 627 313 43.5 262 7098 214 2611 141.9 68.6 0.66 10.5 DT 
BC1.5 92.3 435 501 251 43.7 130 3901 174 1784 141.8 47.4 0.72 12.0 DT 
BG1.5 80.9 422 457 229 37.1 223 4340 225 2000 141.8 20.5 0.57 15.1 DT 
BG2.5 86.7 425 489 245 38.1 406 3325 121 1752 141.6 47.6 0.61 11.6 DT 
BG3.5 95.0 441 603 301 45.5 311 3802 96 1644 141.7 61.5 0.67 10.7 DT 
Note: DT = diagonal tension failure; mid = middle deflection; cr = the deflection at first 
flexural crack; ku = post-cracking stiffness; kcr = initial stiffness; cr, and cr, = strain at 
first crack and ultimate load, respectively; θo = angle of major shear crack; V exp= failure 
load/2. 
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Figure ‎4-5: Load–deflection relationship 
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This is attributed to the fact that, when shear failure was imminent, more inclined upper 
cracks propagated from the diagonal-tension shear crack back towards the support. Since 
the aggregate interlock is essentially lost due to the opening of the inclined failure crack, 
the net shear transfer was redistributed across the section. Then, the dowel action in the 
longitudinal reinforcement, which was distributed uniformly through the circular section, 
had to increase to maintain cross-sectional equilibrium. The sudden increase in dowel 
action in these bars caused a vertical tensile stress in the concrete surrounding the bars. 
This was of sufficient magnitude and, in combination with the existing splitting stresses 
due to flexural bond, resulted in splitting along the plane of the reinforcement and cover 
spalling. 
 
Figure ‎4-6: Failure mode of the steel-RC specimen 
 
Figure ‎4-7: Failure mode of the CFRP-RC specimen 
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Figure ‎4-8: Failure mode of the GFRP-RC specimens 
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Figure ‎4-9: Crack patterns of the test specimens at failure 
4.5.3 Strains in the Longitudinal Reinforcement 
Figure 4-10 shows the measured applied load on the specimens versus the strain 
relationships for the internal GFRP, steel, and CFRP longitudinal bars. As shown in this 
figure, the strain was minimal in the longitudinal reinforcing bars of the FRP- and steel-
RC specimens until the concrete section cracked. The FRP and steel specimens exhibited 
similar strain behaviors up to this stage. After cracking, the concrete specimen reinforced 
with steel exhibited less bar strain than the specimens reinforced with FRP (GFRP and 
CFRP) at the same load level, because the latter had relatively low moduli of elasticity 
compared to that of the steel. The strain in the FRP longitudinal reinforcement in all of 
the specimens did not reach 50% of the bars’ ultimate tensile strain throughout the tests. 
No signs of anchorage problems were observed in any of the specimens. The maximum 
strains in FRP bars were approximately 4,340, 3,325, 3,802, and 3,901 microstrains for 
BG1.5, BG2.5, BG3.5, and BC1.5, respectively. In general, this relatively low strain at 
ultimate in the specimens reinforced with FRP bars shows that shear failure was not 
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triggered by the FRP bars rupturing. On the other hand, the figure clearly shows that the 
steel reinforcement yielded before shear failure occurred at a load level equal to 60% of 
the ultimate load. Nevertheless, the propagation of cracks at the shear span implies that 
the major diagonal tension shear crack governed the failure mode of this specimen. 
 
Figure ‎4-10: Load–strain relationship for the reinforcement 
4.5.4 Concrete Strain 
Figures 4-11 (a), (b), and (c) provide the measured compressive concrete strains at the 
mid-span at three levels from the top side of the specimens (D, D/8, and D/4), 
respectively. The figures indicate that, prior to cracking; the concrete strains were 
insignificant in all of the specimens and ranged from 80 to 130 microstrains. Thereafter, 
the concrete strain slowly and steadily increased. As shown in Figure 4-11(a), the 
maximum recorded strain before failure ranged from 1,644 to 2,611 microstrains. These 
values are well below the concrete crushing strain of 3,000 microstrains specified in 
ACI 318-14 and the 3,500 microstrains specified in CSA standards (CSA S806-12, CSA 
A23.3-04), which is one of the indications that the specimens failed in shear. After 
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cracking occurred, the strains differed almost linearly with increasing load up to failure. 
It can be noted that, at the same load level, BG-1.5 (GFRP bars) showed the highest 
strains, followed BC-1.5 (CFRP bars), then by BS-1.5 (steel bars). This can be attributed 
to the effect of the modulus of elasticity of the reinforcing bars at the same reinforcement 
ratio. On the other hand, in the case of the three GFRP specimens, the increase in 
reinforcement ratio from 1.5% to 3.5% decreased the strains in concrete measured at the 
same load level. Figures 4-11 (b) and (c) show that the measured strains at level D/8 and 
D/4 in BG-1.5 deviated towards the tension side. This indicates that, compared with the 
steel- and CFRP-RC specimens with equal areas of longitudinal reinforcement, a cross 
section with GFRP flexural reinforcement after cracking has a smaller depth to the 
neutral axis because of the lower axial stiffness. Hence, the neutral axis depth for BG-1.5 
decreased to maintain force equilibrium, which consequently decreased the area of 
concrete in the compression zone, so that the cracks widen. As a result, the shear 
resistance provided by both aggregate interlock and compressed concrete was smaller. 
This is in good agreement with the research on the shear capacity of flexural members 
without shear reinforcement, which has indicated that the stiffness of the flexural 
reinforcement (i.e., the product of reinforcement area and modulus of elasticity) 
influences concrete shear strength (ACI 440; Tureyen and Frosch 2002). 
Figure 4-12 provides the average measured diagonal compressive concrete strains at the 
mid-shear span at mid-height (D/2). The figure indicates that, prior to shear diagonal 
cracking, the concrete strains were insignificant in all of the specimens. Then, the strain 
began to increase progressively, reaching to no more than 1,000 microstrains on average. 
Thereafter, due to the propagation of the shear cracks in this zone, the results were not 
reliable. 
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 Figure ‎4-11: Load–strain relationship for the concrete at mid-span 
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Figure ‎4-12: Load–strain relationship for concrete strain at mid shear span 
4.5.5 Shear Strength 
The definition of shear failure used herein describes the formation of inclined shear 
(diagonal-tension) cracking and the subsequent sudden drop in load-carrying capacity. 
Shear strength is defined as the load at which complete or abrupt failure occurs, as shown 
in Figure 4-5(a) (BG1.5 and BC1.5) or the load at which there is a sudden drop in applied 
load, followed by erratic load-deflection behavior without a complete loss in load-
carrying capacity, as shown in Figure 4-5(b) (BG3.5 and BS1.5) (Yost et al. 2001). All 
five specimens, except the steel-reinforced one (BS1.5) failed in diagonal tension. It 
experienced steel yielding under loading at the same time the diagonal tension failure 
occurred. In each series, the steel-reinforced specimen reached the highest shear load, 
followed by the CFRP-reinforced specimen, then the GFRP-reinforced specimen. Figure 
4-13 gives the effect of the reinforcement ratio on the shear strength of the tested 
specimens. In this figure, the experimental shear strength Vexp  was normalized with 
respect to  b d.c wf  In addition, the figure indicates that the shear strength in the GFRP-
reinforced specimens increased as the reinforcement ratio increased. Increasing the 
reinforcement ratio by approximately 67% and 130% (from 1.5% to 2.5% and from 1.5% 
to 3.5%) increased the shear strengths by 7.0% and 32%, respectively. In addition, 
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increasing the reinforcement ratio by 40% (from 2.5% to 3.5%) increased the shear 
strengths by 23%. The increase in shear strength was more pronounced for the specimen 
with highest reinforcement ratio. The use of more reinforcement distributed uniformly 
across the circular cross section reduces the loss of flexural stiffness after cracking, 
increasing the neutral-axis depth and allowing the formation of more closely spaced 
cracks. This, in turn, increases the contribution of aggregate interlock as well as the 
contribution of uncracked concrete by increasing the area of concrete in compression. In 
addition, increasing the reinforcement ratio increases the dowel action, leading to less 
tensile stresses induced in the surrounding concrete. 
Figure 4-14 provides the effect of the modulus of elasticity of reinforcing bars on the 
shear strength of the tested specimens. As expected, the shear strength of a steel-
reinforced specimen was higher than that of an identical CFRP-reinforced specimen with 
the same reinforcement ratio (1.5%). That, in turn, was higher than that of an identical 
GFRP-reinforced specimen. Note that Figure 4-14 shows the normalized shear strength to 
be practically linearly proportional to the axial stiffness of reinforcing bars. The average 
ratio of the experimental shear strength of the GFRP-reinforced specimen to its 
counterpart reinforced with steel is 72%, which is approximately the cube root of axial 
stiffness ratio of the GFRP and steel bars (68%). This also applies to the specimen 
reinforced with CFRP bars, as the average ratio of the experimental shear strength of the 
CFRP-reinforced specimen to its steel-reinforced counterpart is 90%. These results are in 
good agreement with research conducted on rectangular FRP-reinforced specimens (El-
Sayed et al. 2006). 
4.5.6 Shear Crack Width 
Figure 4-15 provides the measured applied load and major shear-crack width relationship 
for all tested specimens. It was found that the shear-crack width was reduced by 
increasing the reinforcement ratio. Thus, the higher the reinforcement ratio, the smaller 
the shear-crack width at the same load level. Figure 4-15 also shows the effect of rebar 
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modulus of elasticity on shear-crack width. The GFRP-reinforced specimen (BG1.5) 
exhibited wider cracks than the CFRP-reinforced one (BC1.5). It, in turn, had wider 
cracks than the steel-reinforced one (BS1.5), all at the same load level.  
 
Figure ‎4-13: Normalized shear strength versus reinforcement ratio 
 
Figure ‎4-14: Normalized shear strength versus the flexural stiffness of the reinforcing 
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Figure ‎4-15: Load–shear-crack-width relationship  
4.6 Design Provisions for Calculating cfV in FRP-
Reinforced-Concrete Members 
The recent experimental work on shear strength of FRP-reinforced concrete has almost 
exclusively considered members with rectangular cross sections. Although there is no 
evidence that the shear design algorithms in the FRP codes and design guidelines—
developed on rectangular cross-sections—does not apply equally well to circular 
sections, the behavior of circular sections has yet to be confirmed experimentally, which 
is one of the objectives here. First, the following section reviews the concrete shear-
strength component Vcf 
of members reinforced with FRP bars, as recommended by ACI 
440.1R-15, CAN/CSA S806-12, CAN/CSA S6-14 (2014), JSCE 1997, and BISE design 
guidelines. 
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4.6.1 ACI 440.1R-15 Design Guidelines 
The ACI Committee 440 (2015) method for computing Vcf 
 was proposed by Tureyen and 
Frosch (2002) as a modification to the approach published by ACI Committee 318 and is 
represented as follows: 
(2 5) ccf wV f b c                                                                                       Equation ‎4-1 
Where, cf   
is concrete compressive strength; 
wb  is the member web width; and 
22 ( )f f f f f fk c d n n n      is the factor to consider the neutral-axis depth ( c ) for 
the cracked transformed section, ρf is the FRP reinforcement ratio, and nf  = Ef/Ec (Ef and 
Ec are the moduli of elasticity of the longitudinal FRP bars and concrete, respectively). 
4.6.2 Canadian Standard Code CAN/CSA-S806-12 
The concrete contribution to shear strength is calculated based on the equation proposed 
by Razaqpur and Isgor 2006: 
 
1
3
m r0.05 λ        cf c vc wV k k bf d                                                                  Equation ‎4-2 
such that 0.11 0.22 
c cc w v c w vcff fb d b dV 
   , whereλis the concrete density factor 
and is 1.0 for normal density concrete;  c  is the material resistance factor; and Km and 
Kr are factors accounting for the effects of moment-to-shear ratio and longitudinal 
reinforcement rigidity, respectively, on the shear strength of the section under 
consideration. For sections located within 2.5d of the face of a support, where the support 
reaction causes compression in the member parallel to the direction of the shear force at 
the section, the value of Vcf shall be multiplied by the factor Ka. For members with an 
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effective depth greater than 300 mm and with less shear reinforcement than required 
minimum shear reinforcement area, the value of Vcf  
shall be multiplied by the factor Ks.  
where 
      .      1 .0    m f fk V d M                                                                  Equation ‎4-3 
 
1
31      r f fk E                                                                                          Equation ‎4-4 
 2.5 ( . )  2.5a f fk M V d                                                                  Equation ‎4-5 
750 (450 )    1.0sk d                                                                               Equation ‎4-6 
4.6.3 Canadian Standard Code CAN/CSA-S6-14 
The Canadian Highway Bridge Design Code (CAN/CSA-S6-14, 2014) uses the same 
basic equations as CSA A23.3-4 (2004) for steel-reinforced-concrete shear design but 
was modified for FRP by introducing a factor to account for the lower elastic modulus of 
FRP versus steel when the longitudinal strain at member mid-height is computed. The 
modified version of the CSA S6-14 equation proposed by El-Sayed and Benmokrane 
(2008) is shown as Eq. (4-7) 
0.4 1300
2.5( . )
(1 1500 ) (1 00 )
 
0
c cr w v
x z
f
e
c fV b d
s

 
                                             Equation ‎4-7 
where               
( / ) 0.5
2( )
f v f f
x
f f
M d V N
E A

 
                                                                         Equation ‎4-8 
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4.6.4 JSCE Shear Design Method 
The Japan Society of Civil Engineering (JSCE 1997) recommends the following 
expression for concrete shear contribution 
cfV  of FRP-reinforced-concrete members: 
 /cf d p n vcd w bV f b d                                                                                  Equation ‎4-9 
The value b is the strength reduction factor; βd, βp,and βn are the size effect factor, factor 
considering the stiffness of tensile reinforcement, and factor considering the axial force 
on the cross section, respectively, 
where 
  1/3 20.2      0.72 /         vcd cf N mmf                                                      Equation ‎4-10 
1/4(1000 )     1.5   d d                                                                              Equation ‎4-11 
1/3(100 / )      1.5p f f sE E                                                                     Equation ‎4-12 
1     2                 0 n o d dM M for N                                                  Equation ‎4-13
1 2     0                0 n o d dM M for N                                                 Equation ‎4-14 
4.6.5 BISE Design Guidelines 
According to the British Institution of Structural Engineers, the concrete shear strength, 
cfV , is given as follows: 
1/3
1/4 1/34000.79 100 ( ) ( )
25
f cu
cf f w
s
E f
V b d
E d

 
  
 
                                           Equation ‎4-15 
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where the compressive strength of concrete cubes is 1.25cu cf f   . 
4.7 Shear Design Provisions for Circular Members 
Based on a review of the literature, none of the aforementioned codes, standards, and 
design guidelines specifically addresses the assessment of the shear strength of circular 
members. The American code (ACI 318-14) explicitly refers to the application of the 
shear design formulae to circular concrete members but with simplified methods. The 
shear tests of members with circular sections indicate that the effective shear area can be 
taken as the section’s gross area or as an equivalent rectangular area (Joint ACI-ASCE 
Committee 426 1973; Faradji and Diaz de Cossio 1965; Khalifa and Collins 1981). 
Accordingly, ACI 318 stated that, in calculating Vc and Vs in solid circular sections, d
shall be permitted to be taken as 0.8 times the diameter (D) and bw shall be permitted to 
be taken as the diameter, since circular members usually have their longitudinal 
reinforcement uniformly distributed around the section’s perimeter. When the member 
cracks, the highest shear stresses typically occur near the section’s mid-depth. This is also 
true when the section is not cracked. Consequently, the effective web width can be taken 
as the section’s diameter (AASHTO LRFD 2012). Clarke and Bijandi (1993) used the 
approach for rectangular sections given in BS5400-4 (Equation 4-16), with their own 
modifications, to predict the shear capacity of 50 specimens. Accordingly, the effective 
depth d  was defined as the distance from the extreme compression fiber to the centroid of 
the tension reinforcement. They stated that bwd should be taken as the area of concrete 
from the extreme compression fiber down to the depth (d). This removes the difficulty of 
defining the breadth bw, which, if taken as the section diameter, can lead to an effective 
shear area that is greater than the gross cross-sectional area. 
1/3 1/4 1/3100 5000.27( ) ( ) ( ) /sc cu w m
w
A
V f b d
b d d
                                              Equation ‎4-16 
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where 1.25cu cf f  . For loads applied at distance a closer than 2d from the support, Vc 
is increased to (2d/a) Vc. 
Feltham (2004) stated that, in the case of pier and pile applications, the orientation of the 
cages relative to the applied shearing force is usually unknown. Hence, Equation 4-17 
was proposed for effective shear depth disregarding the plan layout of the longitudinal 
bars (see Figure 4-16). Equation 4-17 has been incorporated into the 2012 AASHTO 
LRFD Bridge Design Specifications, and the effective shear depth dv 
is taken as 0.9de. 
2
r
e
DD
d

                                                                                                   Equation ‎4-17 
Where Dr is the diameter of the circle passing through the centers of the longitudinal 
reinforcement. 
Priestley et al. 1994 and Ang et al. 1989 suggested taking 0.8Ag as the effective shear 
area, which approximately corresponds to the area of the confined concrete core. Merta 
and Kolbitsch (2006) indicated that, according to ACI 318, the effective shear area is 
0.8D
2
 = 1.02 Ag, where Ag is the section gross area and, consequently, the effective shear 
area exceeds the section gross area. Thus, Merta and Kolbitsch (2006) proposed an 
equation for the effective shear area of circular RC sections based on an analytical 
derivation, providing a value of 0.7Ag for design purposes. Furthermore, based on a total 
of data on 44 circular cross-section specimens without shear reinforcement under 
monotonic load, Merta 2007 proposed Equation 4-18 for the concrete shear capacity as 
follows: 
13.7 0.18 0.08( )0.3 . 0.7c s c g
g
P
V k f A
A

 
   
  
                                   Equation ‎4-18 
where 
1 1.0k  , if ( / )a D > 2.5, and 1 1.25k  , if ( / )a D ≤ 2.5. 
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In Equation 4-18, the influence of the main variables affecting shear capacity—such as 
the longitudinal reinforcement ratio, axial load level, and the shear span-to-depth ratio—
have been determined empirically.  
 
Figure ‎4-16: Illustration of terms bw, dv, and d for circular sections 
4.8 Comparison of Codes, Design Guidelines, and Other 
Available Shear Design Methods with the Experimental 
Results 
The concrete shear strength of FRP-reinforced specimens were compared to predictions 
based on the shear design equations in ACI 440.1R-15 (ACI 2015), CSA S806 (2012), 
CSA S6-14 (2014), JSCE 1997, BISE Design Guidelines, BS5400-4, and CNR-DT 203 
(NRC 2006). Moreover, the experimental values were compared to the predicted values 
based on the design equations recently developed by El-Sayed et al. (2006), Bentz and 
Collins (2006), Hoult et al. (2008), and Alam and Hussein (2013b) for rectangular FRP-
reinforced-concrete members and by Merta (2007) for circular steel-reinforced members 
(see Table 4-5). The design methods proposed by CSA S6-14, Hoult et al., and Bentz and 
Collins are based on the MCFT. 
In this study, four approaches were used to estimate the effective shear area bwd or bwdv. 
The first approach, as in ACI 318-14, d  was taken as 0.8 times the diameter (D), then dv 
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= 0.9d, and bw was taken as the diameter. The second approach, as in AASHTO LRFD 
2012, takes d  as equal to ed (Equation 4-17), then dv = 0.9de, and bw was taken as the 
diameter. In the third approach, the effective shear area bwd or bwdv was taken as equal to 
0.7Ag, as suggested by Merta 2007. In the fourth approach, the effective shear area was 
taken as equal to 0.8Ag, as suggested by Priestley et al. (1994) and Ang et al. (1989). The 
concrete density factor, material resistance factor, and member safety factor were 
considered as equal to 1.0. Moreover, the design axial compressive force N’d and the 
decompression moment Mo were taken as equal to zero.  
To help in assessing the accuracy of the aforementioned shear design equations in 
predicting shear capacity, Table 4-6 presents the mean, standard deviation, and 
coefficient of variation of the ratio of experimental to computed shear strengths of tested 
specimens in this study and the circular GFRP-reinforced specimens tested by Mohamed 
and Masmoudi (2010). In general, these data indicate that using 0.8Ag and 0.7Ag 
provided 
less accurate predictions than the values in ACI 318-14 (d = 0.8D) and ASHTO LRFD 
2012 (d = de). Overall, the CSA S806-12 method and the Alam and Hussein equation 
provided more accurate and conservative predictions than the other methods, with a mean 
value of 1.26 and 1.37 for d = 0.8D  and 1.3 and 1.45 for d = de, respectively. These 
equations account for the effect of shear span-to-depth ratio, axial stiffness of the 
longitudinal reinforcement, member size, and concrete strength. The design equation 
recommended  by CSA S6-14 (2014); CNR-DT 203 (NRC 2006); BISE; El-Sayed et al. 
(2006); and Hoult et al. (2008) provided reasonable but rather conservative results, while 
the mean value ranged between 1.47 and 1.79 for d = 0.8D   and between 1.47 and 1.85 
for d = de. It should be noted that the Bentz and Collins (2006) MCFT equation provided 
less accurate (with highly conservative predictions) than the Hoult et al. (2008) MCFT 
equation. This can be attributed to the fact that Hoult et al. (2008) proposed modifications 
to the simplified equations of the MCFT (Bentz and Collins 2006) to account for FRP 
properties. Hoult et al. (2008) noted that the simplified linear relationship between the 
strain at mid-height of the section and the crack width proposed by Bentz and Collins 
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(2006) for steel-reinforced members overestimate the diagonal crack width by a 
significant margin and therefore will underestimate the shear strength of FRP-reinforced 
members.  
The JSCE method provided very conservative predictions since the mean values of the 
experimental results over the predicted results were 1.92 and 1.96 for the two approaches 
in ACI 318-14 and AASHTO LRFD 2012. On the other hand, the shear strengths 
predicted by the ACI 440 design method were significantly underestimated compared to 
the experimental values, with mean values ranging from 2.34 to 3.33. This high level of 
conservatism is expected as this method considers that the concrete shear strength of a 
section is provided only by the uncracked concrete above the neutral axis. This is in good 
agreement with past studies on rectangular sections (El-Sayed and Soudki 2011; Alam 
and Hussein 2013b; Razaqpur and Spadea 2015). Nevertheless, the mean values of the 
experimental-to-predicted values the ACI 440 method for the circular specimens herein 
were higher than those obtained on rectangular sections by El-Sayed and Soudki (2011), 
Alam and Hussein (2013b), and Razaqpur and Spadea (2015). This can be attributed to 
the fact that circular members usually have longitudinal reinforcement uniformly 
distributed around the section’s perimeter. This reinforcement reduces crack propagation 
above the neutral axis and limits crack width, which, in turn, increases the contributions 
of aggregate interlock. Moreover, these bars add to the dowel mechanism in resisting the 
relative transverse displacement between two segments of a specimen separated by a 
crack bridged by the reinforcement. Thus, longitudinal bars distributed through the depth 
might significantly enhance cross-sectional shear resistance 
The steel-based equation proposed by Merta 2007 for circular RC members provided 
accurate predictions that were close to the experimental results (mean values of 1.07 and 
0.94 for 0.7Ag and 0.8Ag, respectively). Nevertheless, some of its predictions are not 
conservative, with a percentage of 25%, as given in Table 4-6. From a design perspective, 
this relatively high percentage of nonconservative predictions is unacceptable. This lack 
of conservativeness resulted from Merta’s equation failing to take into account the axial 
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stiffness of reinforcing bars, as it was proposed empirically for steel-reinforced members. 
Table 4-6 shows that the BS5400-4 design method produced the most accurate 
predictions when using two approaches (ACI 318-14 and ASHTO LRFD), since the 
mean values were 1.11 and 1.14, respectively. These values, however, are not so 
conservative, because the equation has been introduced for steel-reinforced members. 
Based on the experimental results of this study and that by Mohamed and Masmoudi 
(2010), BS5400-4 implemented a simple modification of the shear equation to take into 
account differences in the axial rigidity of flexural reinforcement: 
1/3 1/4 1/3
100 500
0.35( ) ( ) ( ) /
f f
cf cu w m
w s
A E
V f b d
b d E d
                                       Equation ‎4-19 
This modification yields a more reasonable estimate of the shear capacity and yet was 
conservative for both specimens tested in this investigation and those tested by Mohamed 
and Masmoudi, since the average experimental shear strength over the predicted value 
was 1.22 with a coefficient of variation of 18.45% and a standard deviation of 0.22 when 
using the AASHTO LRFD approach. 
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Table ‎4-5: Available shear design equations for calculating the concrete contribution, 
cfV  
Equation 
Number 
Reference Equation Definition  
Eq. (4-20) 
El-Sayed et al. 
(2006) 
1/3
1
( ) ( )
90 6 6
f f c c
cf w w
c
E f f
V b d b d
f


 
 

 
 
 
Eq. (4-21) 
CNR-DT 203 
(NRC 2006) 
1/21.3( ) (1.2 40 )
f
cf Rd d f w
s
E
V k b d
E
    
0.050.25 /Rd ctk cf   
1.6 1.0dk d        0.05 0.33ctk cf f   
d = depth in 
meters in this 
study 
1.0c   
Eq. (4-22) 
Bentz and 
Collins (2006) 
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Eq. (4-23) 
Hoult et al. 
(2008) 
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Eq. (4-24) 
Alam and 
Hussein 
(2013b) 
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Table ‎4-6: Comparison of experimental and predicted shear capacities 
Code 
(Vexp/Vpred) 
bw = D             
d = 0.8D 
bw=D               
d = de 
bw d = 0.7Ag bw d = 0.8Ag 
Mean SD COV Mean SD COV Mean SD COV Mean SD COV 
ACI 440.1R-15 2.34 0.32 13.56 2.41 0.33 13.96 3.33 0.44 13.2 2.92 0.38 13.19 
CSA-S806-12 1.26 0.10 7.83 1.30 0.10 7.20 1.70 0.12 7.20 1.49 0.11 7.18 
CSA S6-14 (2014) 1.47 0.15 10.31 1.47 0.15 10.31 1.72 0.17 10.0 1.59 0.16 10.2 
JSCE 1997 1.92 0.32 16.6 1.96 0.33 16.75 2.71 0.42 15.8 2.37 0.37 15.8 
BISE 1.65 0.29 18.03 1.68 0.31 18.47 2.32 0.41 17.6 2.03 0.35 17.6 
BS5400 (1990) 1.11 0.25 22.60 1.14 0.26 22.91 1.57 0.34 22.1 1.37 0.30 22.1 
Merta  (2007) --- --- --- --- --- --- 1.07 0.10 7.10 0.94 0.07 7.07 
El-Sayed et al. (2006) 1.79 0.20 11.05 1.85 0.21 11.70 2.56 0.27 10.7 2.24 0.24 10.75 
CNR-DT 203 (NRC 2006) 1.51 0.27 17.76 1.54 0.27 17.90 2.13 0.36 17.1 1.86 0.32 17.06 
Bentz and Collins (2006) 1.88 0.21 10.96 1.95 0.22 11.38 2.22 0.24 10.7 2.10 0.22 10.87 
Hoult et al. (2008) 1.59 0.17 10.37 1.65 0.17 10.88 1.91 0.20 10.3 1.75 0.18 10.30 
Alam and Hussein (2013b) 1.37 0.13 9.73 1.45 0.15 10.58 1.99 0.19 9.73 1.74 0.17 9.74 
Note: SD = standard deviation, COV = coefficient of variation (%). 
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4.9 Conclusion 
This study investigated the contribution of concrete to the shear strength of circular RC 
specimens reinforced with longitudinal FRP bars. Five full-scale circular concrete 
specimens reinforced with FRP (glass or carbon) or steel bars without shear 
reinforcement were constructed and tested under four-point loading to failure. The test 
parameters included the longitudinal reinforcement ratio and the modulus of elasticity of 
the reinforcing bars. The experimental results were compared to the current codes and 
design guidelines as well as shear design equations proposed by other researchers. The 
main findings of this investigation can be summarized as follows: 
1. The observed failure modes of the tested circular FRP-reinforced specimens were 
diagonal tension failure.  
2. The concrete contribution to the shear strength of circular RC specimens, Vcf, is 
proportional to the axial stiffness of the longitudinal reinforcing bars. The higher the 
reinforcement ratio or the modulus of elasticity of the reinforcing bars, the higher the 
obtained shear strength. 
3. The Vcf  design formulae developed on rectangular section are intended to allow for the 
safe design of circular sections reinforced with FRP bars with the following 
modifications: 
a. The area of flexural reinforcement is the area of the FRP below the mid-depth of the 
section. 
b. The diameter of the circular section D is used in lieu of the width bw. 
c. The effective depth d is taken as the ACI 318-14 (d = 0.8D) or ASHTO LRFD 2012 
(d = de) effective depth definition. 
4. The ACI 318-14 and AASHTO LRFD 2012 approaches to effective depth provided 
more accurate predictions than the effective shear area of 0.8Ag and 0.7Ag.   
5. The CSA S806-12 design method yielded more accurate and conservative predictions 
for the shear capacity of circular FRP-reinforced specimens than the other methods. 
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The design equation recommended in CSA S6-14 (2014); CNR-DT 203 (NRC 2006); 
BISE; El-Sayed et al. (2006); and Hoult et al. (2008) provided reasonable but rather 
conservative results. Nevertheless, the ACI 440 design method were significantly 
underestimated shear strengths compared to the experimental values, with mean values 
ranging from 2.34 to 3.33. 
6. A simplified modification to the BS5400-4 design equation was proposed to account 
for the longitudinal stiffness of FRP bars. The modified equation gave a more 
reasonable estimate of the shear capacity of the tested circular concrete specimens 
reinforced with FRP bars. More comprehensive test data for circular FRP-reinforced 
concrete elements are needed to more precisely establish the definition of the effective 
shear area and assess current FRP shear design equations. 
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CHAPTER 5                                                       
SHEAR STRENGTH OF CIRCULAR 
CONCRETE BEAMS REINFORCED WITH 
GLASS-FRP BARS AND SPIRALS 
5.1 Preface  
5.1.1 Journal 
Journal Title: ACI Structual Journal.       
Submittal/Acceptance Date: Submitted June 19
th
, 2015. 
Acceptance Status: In peer review. 
5.1.2 Contribution in thesis:  
In this chapter, the behavior of the circular members reinforced with GFRP bars and 
spirals is investigated. The test results and analysis discussion of each parameter is 
represented in this chapter. 
5.2 Abstract 
Recent years have witnessed noticeable advances in incorporating shear design 
provisions for fiber-reinforced polymers (FRPs) into guidelines and standards. These 
provisions were developed based on experimental work on rectangular concrete members 
reinforced with FRP bars and bent FRP stirrups. In contrast, no research seems to have 
investigated circular concrete members reinforced with FRP bars and spirals under shear 
loads.  
Chapter 5 –Strength  of Circular Concrete Beams Reinforced with Glass-FRP Bars and Spirals 
 
118 
 
This paper reports experimental data on the shear strength of concrete members 
reinforced with glass-FRP (GFRP) bars and spirals. A total of seven full-scale concrete 
specimens with a total length of 3,000 mm (118.11 in.) and 500 mm (20 in.) in diameter 
were constructed and tested up to failure. The test parameters included the type and ratio 
of shear reinforcement (spiral diameter and spacing). The test specimens comprised five 
specimens reinforced with sand-coated GFRP bars and spirals, one specimen with only 
longitudinal GFRP bars, and a reference specimen reinforced with conventional steel bars 
and spirals. As designed, the specimens failed in shear due to GFRP spiral rupture. The 
experimental results were compared to current codes and design guidelines. The 
comparison indicates that the shear capacity of GFRP-reinforced concrete members with 
circular cross sections may be determined with the approaches developed for rectangular 
sections provided that certain modifications are made to take into account the effective 
shear depth, equivalent breadth, and the mechanical properties and geometry of GFRP 
spirals. 
Keywords: Concrete; Concrete; Circular beams; Piles, Shear load; FRP bars; Spirals. 
5.3 Introduction  
Circular reinforced-concrete (RC) members are often used in bridge foundations and 
marine and port infrastructure systems as piers and piles because they are easy to build 
and provide equal strength characteristics in all directions under wind and seismic loads. 
The life span of these members is often threatened by the deterioration of steel 
reinforcement resulting from exposure to deicing salts and/or aggressive environments. 
Nowadays, noncorrosive fiber-reinforced-polymer (FRP) reinforcing bars have become 
more widely accepted as cost-effective alternatives to steel bars in many applications, 
such as bridges, parking garages, and marine structures (Mohamed and Benmokrane 
2014, Benmokrane et al. 2014). Moreover, in North America, the use of glass-FRP 
(GFRP) bars and spirals in soft-eyes is gaining popularity in the field of tunnel 
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excavation. These soft-eyes are subjected to significant shear force resulting from earth 
and water pressure. 
In the last decade, the shear strength of FRP RC members with rectangular cross sections 
has received considerable attention. The experimental work has focused mainly on 
members without web reinforcement, but limited research has addressed members with 
bent FRP stirrups (Razaqpur and Spadea 2015; Ahmed et al. 2010a; El-Sayed and 
Benmokrane 2008; Fico et al. 2008; Shehata et al. 2000). Accordingly, several guidelines 
and standards have been published, including design equations for assessing total shear 
resistance (Vr): ACI 440-1R-15, CSA S806-12, CSA S6-14, and JSCE (1997). They all 
follow the traditional Vcf + Vsf philosophy, but significantly differ in the manner in which 
they estimate the contributions of concrete, Vcf, and diagonal tension reinforcement, Vsf, 
to the total shear resistance, Vr. Yet, no research seems to have investigated circular 
concrete members reinforced with FRP reinforcement under shear loads. Moreover, none 
of the aforementioned FRP design standards have incorporated specific formulae for 
circular RC members. 
Research on shear behavior of FRP RC members has indicated that the fundamental shear 
behavior of FRP RC beams was similar to that of steel-reinforced concrete beams, despite 
the brittle nature of the reinforcement (Bentz et al. 2010). The concrete contribution to 
the shear resistance of the FRP RC section, Vcf, generally represents the shear resisted by 
the uncracked concrete, aggregate interlock, and dowel-action mechanisms. The level of 
contribution of these mechanisms depends on crack width, which is a function of the 
strain in the tension reinforcement and crack spacing (MacGregor and Wight 2005). On 
the other hand, the shear strength Vsf in FRP design standards is based on a certain 
limitation to account for the strength capacities of FRP stirrups using the same basic 
relationship as for steel RC members. In general, the tensile strength of FRP stirrups is 
lower than that of regular straight FRP bars due to the significant reduction in tensile 
strength at the bent portions, as a result of the unidirectional characteristics of the FRP 
material (ACI 440.1R). The reduced strength of the bent portion of FRP stirrups is 
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attributed to the kinking of the innermost fibers compared to those at the outermost radius 
due to curvature combined with the intrinsic weakness of fibers perpendicular to their 
axis (Ahmed et al. 2010). The bend capacity of FRP stirrups is influenced by the bending 
process, bend radius (rb), bar diameter (db), and type of reinforcing fibers (ACI 440.1R). 
Nowadays, the B.5 test method in ACI 440.3R is the standard for determining the bend 
strength capacity of FRP stirrups for use in design. Nonetheless, the behavior or a 
standard test method for FRP spirals under tensile axial loading has not yet been defined. 
The strength capacity of FRP spirals could be influenced by the bending process, radius, 
bar diameter (db), and spiral stretching process to adjust the pitch.  
Reinforced concrete members with circular cross sections are used frequently in practice. 
Despite this fact, only limited research on the shear behavior of such structural members 
has been published (Clarke and Bijandi 1993; Feltham 2004; Merta 2007; Turmo et al. 
2009; Jensen et al. 2010, Ali et al. 2013). Moreover, the code rules and guidelines for the 
shear design of circular concrete members are almost nonexistent. The American code 
(ACI 318-14) explicitly refers to the application of shear design formulae to circular 
concrete members, but with simplified methods. Based on shear tests of members with 
circular sections, it has been indicated that the effective shear area can be taken as the 
gross area of the section or as an equivalent rectangular area (Khalifa and Collins 1981). 
Accordingly, ACI 318 states that, to calculate 
cV  and sV  in solid, circular sections, d
shall be permitted to be taken as 0.8 times the diameter (D), and bw shall be permitted to 
be taken as the diameter. Feltham (2004) stated that, in the case of pier and pile 
applications, the orientation of the cages relative to the applied shearing force is usually 
unknown. Hence, Equation 5-1 was proposed for effective shear depth, disregarding the 
plan layout of the longitudinal bars (see Figure 5-1). Equation 5-1 has been incorporated 
into the 2012 AASHTO LRFD Bridge Design Specifications, and the effective shear 
depth dv is taken as 0.9de. 
2
r
e
DD
d

                                                        Equation  5-1  
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where Dr 
is the diameter of the circle passing through the centers of the longitudinal 
reinforcement. 
Based on the above discussion, research is needed on the shear behavior of circular 
concrete members reinforced with FRP bars and spirals. The extrapolation of test results 
and proposed design equations for shear in rectangular FRP-reinforced-concrete sections 
should be verified. It is important to examine the validity of these equations and to 
determine whether certain modifications should be introduced in order to make them 
suitable for circular concrete members reinforced with FRP spirals. 
 
Figure ‎5-1: Illustration of terms bw, dv, and d for circular sections. 
5.4 Research Significance 
Considerable research work has investigated the shear strength of rectangular RC 
members with FRP bars and stirrups. No research, however, seems to have investigated 
circular concrete members reinforced with FRP reinforcement. This paper presents an 
experimental investigation to quantify Vsf in circular concrete members reinforced with 
GFRP bars and spirals. Seven full-scale RC specimens were tested under shear load. The 
effects of GFRP-spiral-reinforcement ratio and the modulus of elasticity of the 
reinforcement were investigated. In addition, the paper examines the validity of the 
available design provisions concerning GFRP spirals as shear reinforcement. The 
information is valuable for designers using GFRP spirals as shear reinforcement in 
concrete structures and for the development of codes and standards. 
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5.5 Experiments 
5.5.1 Specimen Details 
The experimental program of this study was designed to provide experimental data on the 
shear strength of circular concrete members reinforced with GFRP bars and spirals. A 
total of seven full-scale circular RC specimens—including five reinforced with GFRP 
bars and spirals, one with only longitudinal GFRP bars, and one with steel bars and 
spirals—were tested to determine their shear resistance. Figure 5-2 shows the 
dimensions, various configurations, and reinforcement details of the test specimens. Each 
specimen was simply supported over a 2,400 mm (94.5 in.) span and had a total length of 
3,000 mm (118.11 in.), an equivalent effective flexural depth ( d ) of 377 mm (14.84 in.), 
an equivalent effective shear depth (dv = 0.9d) of 340 mm (13.39 in.), and a diameter of 
500 mm (20 in.). The equivalent effective depths were estimated based on the shear 
provisions (Clause 5.8.2.9) in the 2012 edition of the AASHTO LRFD Bridge Design 
Specifications. Table 5-1 provides the test matrix and reinforcement details of the 
specimens. Each specimen’s code was identified with letters and numbers. The letter B 
refers to beam specimen. The letters G and S identify specimens as being reinforced 
totally with GFRP or steel reinforcement, respectively. The numbers 4 and 5 represent 
spiral size (#4 and #5, respectively). The second number represents the spiral spacing in 
mm. All the GFRP-reinforced specimens were reinforced longitudinally with 10 #6 
GFRP bars. As shown in Table 5-1, the effect of GFRP-spiral-reinforcement ratio was 
investigated using #4 spiral at a spacing of 100, 150, 200 mm (3.9, 5.9, 7.9 in.), and using 
#5 spirals at a spacing of 100 and 150 mm (3.9 and 5.9 in.). The spacing of the spirals s 
for these specimens was within the CSA S806-12 maximum spacing limit for transverse 
reinforcement (0.6dv cot θ or 400 mm), where dv is the effective shear depth. The control 
steel specimen was reinforced longitudinally with 10 M20 (20 mm) deformed steel bars 
and deformed #4 steel spirals.  
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Figure ‎5-2: Dimensions and reinforcement details of the test specimens. (dimensions in 
mm) (Note: 1 mm = 0.0394 in.) 
Table ‎5-1: Test matrix, specimen details, and summary of test results 
Specimen 
ID 
cf   
(MPa) 
Reinforcement 
Shear 
Cracking 
Load                    
Vcr (kN) 
Failure 
Load  
(kN) 
(2 Vexp) 
(θ°) 
Mode 
of 
Failure Type Longitudinal Spiral 
fv  
(%) 
BG 38.1 GFRP 10#6 --- -- 155 457.0 42.2 DT 
BG4-200 39.3 GFRP 10#6 #4@200 mm 0.25 157 690.5 48.3 GR 
BG4-150 39.3 GFRP 10#6 #4@150 mm 0.34 159 761.7 50.7 GR 
BG4-100 39.3 GFRP 10#6 #4@100 mm 0.51 161 858.9 45.8 GR 
BG5-150 39.3 GFRP 10#6 #5@150 mm 0.53 160 886.7 47.3 GR 
BG5-100 39.3 GFRP 10#6 #5@100 mm 0.79 163 1110.4 45.9 GR 
BS4-150 37.6 Steel 10#6 #4@150 mm 0.34 178 788.6 45.5 FC 
Note : GR = GFRP stirrup rupture, DT =Diagonal tension, FC = Flexural compression, θ° 
= angle of major shear crack, Ultimate shear Vexp =0.5xFailure load, fv fv wA sb  . (Note: 
1 mm = 0.0394 in.; 1 kN = 0.225 kips.; 1 MPa = 0.145 ksi.). 
2400 mm300
BG BG4-100BS4-150
300
P P
10 #6 GFRP 10 #6 GFRP10 #20 Steel
#13
 #4 GFRP
BG5-100
10 #6 GFRP
 #5 GFRP
BG4-150
10 #6 GFRP
 #4 GFRP
BG4-200
10 #6 GFRP
#4 GFRP
BG5-150
10 #6 GFRP
 #5 GFRP
5
0
0
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5.5.2 Materials 
All of the specimens were cast with normal-weight, ready-mixed concrete. The target 
compressive strength of the concrete was 35 MPa (5.1 ksi.) after 28 days. The actual 
compressive strength was determined based on the average test results of five concrete 
cylinders tested on the same day as the start of testing of the specimens. Grade 60 steel 
bars were used to reinforce the steel-reinforced control specimen. Deformed #6 (M20) 
and #4 steel bars were used as longitudinal and spiral reinforcement, respectively. Table 
5-2 shows the mechanical properties of the steel bars. The sand-coated GFRP bars and 
spirals used in this study were manufactured by pultrusion process using E-glass fibers, 
impregnated in a modified vinyl-ester resin. High-modulus (HM) GFRP bars (CSA S807-
10 Grade III) of #6 were used as longitudinal reinforcement. Number 4 and #5 GFRP 
spirals were used as spiral stirrups in the transverse direction (see Figure 5-3). Table 2 
provides the guaranteed properties of these bars and spirals, as reported by the 
manufacturer. In addition, the bent tensile strength (ffu bent) was calculated according to 
ACI 440.1R and CSA S6 design equations for the bend strength of FRP bent bars. 
5.5.1 Instrumentation and Test Setup  
Strains in the longitudinal reinforcing bars and spirals were measured using electrical-
resistance strain gauges with gauge lengths of 6 mm. In addition, strain gauges with a 
gauge length of 60 mm were mounted on the concrete top surface to measure 
compressive strains. Specimen deflection was measured with three LVDTs placed at the 
mid-span and at mid-shear span. The test setup was designed and fabricated in the 
University of Sherbrooke’s structural laboratory. Steel saddles were designed to 
accommodate the circular geometry at the loading and support points. The specimens 
were loaded in four-point bending, using a servo-controlled, hydraulic MTS actuator 
attached to a spreader beam. An automatic data-acquisition system monitored by a 
computer was used to record the readings of the LVDTs, load cells, and strain gauges. 
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Table ‎5-2: Mechanical properties of the GFRP and steel reinforcements 
Bar  
‏Size 
 
Diameter 
(mm) 
Area 
(mm
2
) 
Elastic Tensile  
Modulus 
(GPa) 
Tensile  
Strength 
(MPa) 
GFRP Bars 
#6 20 285 63.7 ffu = 1105 
Steel Bars 
#6 20 300 200 fy = 460 
#4 13 129 200 fy = 420 
GFRP Spirals 
#4 12.7 127 50 
ffu, =1019 
ffu, bent = 459
a
 
ffu, bent = 1019
b
 
ffu, bent = 765
c
 
#5 15.9 198 50 
ffu, =1001 
ffu, bent = 450
a
 
ffu, bent = 962
b
 
ffu, bent = 641
c
 
 a: Manufacturer; b: ACI 440; c: S6-14 (Note: 1 mm = 0.0394 in; 1 mm
2
= 0.00155 
inch
2
;1 MPa = 0.145 ksi.). 
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Figure ‎5-3: Fabrication and preparation of the circular specimens: (a) overview of the 
assembled GFRP cages; (b) circular specimens. 
5.6 Test Results and Discussion 
Table 5-1 summarizes the results obtained for all the circular specimens tested during this 
experimental program. The following sections present the effect of test parameters on the 
shear strength behavior of the FRP RC circular specimens tested.  
5.6.1 Effect of Test Parameters on Load–Deflection Response 
This section presents the load–deflection curves for the tested specimens in three groups 
to show the effect of individual parameters on the shear behavior of circular RC 
specimens, as depicted in Figure 5-4 to Figure 5-6. In general, the behavior of the 
(a) 
(b) 
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specimens can be divided into two stages. In the first—the ―prior-to-flexural-cracking 
stage‖— all the specimens behaved similarly and approximately linearly. Specimen 
stiffness at this stage was almost identical regardless of reinforcement type, representing 
the behavior of the uncracked member with the gross moment of inertia of the concrete 
cross section. After cracking, the concrete specimens reinforced with GFRP 
reinforcement behaved nearly linearly with reduced stiffness up to failure. This is 
attributed to the linear–elastic characteristics of the GFRP reinforcement. In contrast, 
Figure 5-4 provides the elastic–plastic behavior of the steel-reinforced specimen (BS4-
150) and its eventual failure at large deflection. Specimen stiffness in this stage was 
highly dependent on the axial stiffness of the reinforcing bars, which seems to be a 
function of the area A and modulus of elasticity E of the tensile reinforcement. This is 
clearly apparent from Figure 5-4: due to the low modulus of elasticity of the GFRP 
reinforcement, the stiffness of the GFRP specimen (BG4-150) was lower than that of the 
steel specimen (BS4-150), which were designed to have the same flexural- and shear-
reinforcement ratios. Three specimens (BG4-100, BG4-150, and BG4-200) reinforced 
with #4 GFRP spirals and two specimens (BG5-100 and BG5-150) reinforced with #5 
GFRP spirals were tested to study the effect of spiral spacing. The spacing of the spirals s 
for these specimens was within the CSA S806-12 maximum spacing limit for transverse 
reinforcement (0.6dv cot   or 400 mm (15.747 in)), where dv is the effective shear depth, 
taken as the greater of 0.9d (flexural depth) or 0.72h, (overall thickness). Specimen BG 
with no shear reinforcement, however, was introduced in the test matrix for comparison 
purposes.  
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Figure ‎5-4: Load-deflection relationship for effect of reinforcement type (Note: 1 mm = 
0.0394 in.; 1 kN = 0.225 kips. 
Figures 5-5 and 5-6 provide a comparison of the load–deflection curves of these 
specimens, indicating that the ultimate shear strength increased as the spiral 
reinforcement ratio increased. The figures indicate that the postcracking flexural stiffness 
was independent of the shear-reinforcement ratio (spiral spacing). This is clearly apparent 
from Figures 5-5 and 5-6: the stiffness of the GFRP specimen (BG) with no spirals was 
similar to that the five specimens with #4 and #5 spirals. A small reduction in the 
stiffness was observed in specimen (BG) at the formation of the diagonal shear crack at a 
load level equal to 310 kN (69.8 kips). This reduction is attributed to the absence of the 
shear reinforcement that tends to control crack opening and propagation. The presence of 
GFRP spirals in the other specimens contributed to the redistribution of internal stresses, 
forming a truss action in which the reinforcement acts as tensile links and the concrete 
acts as compression diagonals. Increasing the shear-reinforcement ratio in specimens 
(BG4-100 and BG5-100) helped maintain the stiffness up to higher load levels compared 
to the corresponding specimens with lower shear-reinforcement ratios (BG4-150 and 
BG5-150). 
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Figure ‎5-5: Load-deflection relationship for effect of #4 spiral spacing (Note: 1 mm = 
0.0394 in.; 1 kN = 0.225 kips.) 
 
Figure ‎5-6: Load-deflection relationship for effect of #5 spiral spacing (Note: 1 mm = 
0.0394 in.; 1 kN = 0.225 kips.) 
5.6.2 Crack Pattern and Modes of Failure  
Figure 5-7 provides the crack patterns at failure of all the tested specimens and the shear-
crack angles. In all of the specimens, flexural cracks first appeared between the two 
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concentrated loads, where the flexural stress is highest and shear stress is zero. As 
loading increased, new flexural cracks formed in the shear spans, curving toward the 
loading points. Because the test specimens were designed to fail in shear, the ultimate 
shear strength of the specimens was governed by the GFRP spirals’ strength. Generally, it 
was observed that the specimen without spiral reinforcement (BG) suffered brittle shear 
failure with few visible diagonal shear cracks, as shown in Figure 5-8(a), whereas, 
specimens with GFRP spirals reached higher load levels and exhibited ductile shear 
failure with the formation of several diagonal cracks (Figure 5-8(b and c)). The increase 
in shear resistance is attributable to the improved postcracking resistance of the spirally 
reinforced RC specimens, which results from the ability of the spirals to carry tensile 
forces across diagonal cracks. Failure occurred after the formation of two or more 
significant diagonal shear cracks near the mid shear span, leading to diagonal tension 
failure combined with rupture of GFRP spirals. Removing the concrete cover revealed 
the rupture of the GFRP spirals, with at least two of the GFRP spirals crossing a diagonal 
crack (see Figure 5-8(d)). The main difference in final crack patterns between the five 
specimens was the number and spacing of diagonal cracks that developed in the shear 
span: the higher the failure load, the greater the number of induced shear cracks. 
Specimen BS4-150, however, failed after flexural yielding occurred first, followed by 
spiral yielding. The test was then terminated as the specimen suffered excessive concrete 
crushing at the mid-span. For this specimen, significant diagonal shear cracks were 
formed after spiral yielding. 
5.6.1 Mid-Span Flexural Strains 
Figure 5-9 shows the measured applied load on the specimens versus the strain 
relationships for the internal GFRP and steel longitudinal bars. As shown in this figure, 
the strain was minimal in the longitudinal reinforcing bars of the GFRP- and steel-RC 
specimens until the concrete section cracked. The GFRP and steel specimens exhibited 
similar strain behaviors up to this stage. After cracking, the concrete specimen reinforced 
with steel exhibited less bar strain than the specimens reinforced with GFRP at the same 
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load level, because the latter had relatively low moduli of elasticity compared to that of 
the steel. The maximum strains in the GFRP bars were approximately 6,110, 7,400, 
9,418, 10,027, and 12,800 microstrains for BG4-200, BG4-150, BG4-100, BG5-150, and 
BG5-100, respectively. In general, this strain at ultimate shows that shear failure was not 
triggered by the GFRP bars rupturing. No signs of anchorage problems were observed in 
any of the specimens. On the other hand, the figure clearly shows that the steel 
reinforcement yielded before failure, occurring at a load level equal to 44% of the 
ultimate load.  
 
Figure ‎5-7: Cracking pattern at failure.  
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Figure ‎5-8: Cracking appearance of test specimen at different loading stages: (a) 
specimen with no spiral (BG); (b) immediately before GFRP-spiral rupture (BG4-200); 
(c) immediately before GFRP-spiral rupture (BG4-100); (d) after GFRP-spiral rupture 
and removing the concrete cover (BG4-100). 
Figure 5-10 provides the measured compressive concrete strains at the mid-span. The 
figure indicates that, prior to cracking; the concrete strains were insignificant in all of the 
specimens and ranged from 150 to 220 microstrains. After cracking occurred, the strains 
differed almost linearly with increasing load up to failure. As shown in Figure 5-10, the 
maximum recorded strain before failure ranged from 2,100 to 3,700 microstrains for the 
GFRP-reinforced specimens. The higher strain was recorded for specimens with higher 
spiral-reinforcement ratios, even though the recorded strains for BG4-100, BG5-150, and 
BG5-100 were approximately close to the limit of the concrete crushing strain of 3,500 
microstrains specified in CSA standards (CSA S806-12). The propagation of cracks at the 
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 (c)  (d) 
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shear span implies that the major diagonal tension-shear crack governed the failure mode 
of these specimens with no signs of crushing at the mid-span.  
 
Figure ‎5-9: Load–flexural-tension-strain relationship at mid-span. (Note: 1 kN = 0.225 
kips.) 
 
Figure ‎5-10: Load–concrete-strain relationship at mid-span. (Note: 1 kN = 0.225 kips.) 
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This is attributed to the fact that the GFRP spirals with lower spacing confined the 
concrete core of these specimens. On the other hand, Figure 5-10 indicates that the steel-
reinforced specimen exhibited concrete crushing, since the recorded strain exceeded 
3,500 microstrains. 
5.6.2 Strain in the GFRP Spirals 
Despite the use of 8 strain gauges for recording strains in the spiral, some strain data were 
unreliable due to the difficulties during measuring strains over the curved surfaces of 
spirals. Moreover, test observations indicate that the major diagonal crack did not always 
cross the spirals where the strain gauges were located. This means that the recorded 
strains did not necessarily represent the maximum strain. Figure 5-11 shows the load 
versus measured maximum spiral-strain relationships at mid-shear span. In general, the 
strains were very small until diagonal cracks developed. After diagonal cracking 
occurred, the spiral strain slowly and steadily increased. This indicates the transfer of 
internal forces from the concrete to the spirals. This figure further reveals that the GFRP 
spirals had higher strain capacities than their steel counterparts. The maximum strains 
ranged approximately from 2,200 to 4,700 microstrains. The larger the spiral spacing, the 
higher the spiral strain at all loading levels. This indicates that increasing the spiral 
reinforcement controlled the widening of shear cracks. On the other hand, the test results 
indicate that the spiral reinforcement in BS4-150 reached to a strain level close to the 
yield strain up to the recorded value. 
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Figure ‎5-11: Load–spiral-strain relationship at shear span. (Note: 1 kN = 0.225 kips.) 
5.6.3 Shear Strength  
Figure 5-12 presents the experimental shear strengths of the test specimens versus the 
stiffness of the GFRP spirals (ρfv Ev) normalized to Es. The test results indicate that the 
shear strengths of GFRP spirally reinforced specimens increased linearly with the 
increase of ρfv Ev 
for each spiral size, whereas the average trend is semi-linear. Increasing 
the GFRP spiral reinforcement ratio from 0.25 to 0.51 increased the shear strength of the 
specimens by 24.4% with #4 GFRP spirals. The corresponding value was 25% when the 
ratio was increased from 0.53 to 0.79 with #5 GFRP spirals. Overall, increasing the 
GFRP spiral-reinforcement ratio from 0.25 to 0.79 increased the shear strength of the 
specimens by 61%. The increase in the shear capacity with the decrease in spiral spacing 
for #4 and #5 spirals can be attributed to the reduction in the average spiral strain, which 
resulted from the distribution of the shear force over a larger number of spirals 
intersected by the diagonal shear cracks. On the other hand, Figure 5-12 indicates that the 
modulus of elasticity of the spiral reinforcement insignificantly affected the shear 
strength of the tested specimens. BG4-150 had a shear strength (761 kN [171.1 kips]) 
closer that of the steel specimen (BS4-150) (788 kN [177.1 kips]), which had the same 
0
200
400
600
800
1000
1200
0 1000 2000 3000 4000 5000
Strain (με) 
  
BG4-100 
BG4-150 
BG4-200 
BG5-100 
BG5-150 
BS4-150 
  
L
o
a
d
 (
k
N
) BS 0 
Chapter 5 –Strength  of Circular Concrete Beams Reinforced with Glass-FRP Bars and Spirals 
 
136 
 
spiral- and longitudinal-reinforcement ratios. This can be attributed to the failure of steel 
specimen (BS-150) initiated by yielding of flexural reinforcement followed by yielding 
of steel spirals. 
 
Figure ‎5-12: Effect of spiral-reinforcement ratio on shear strength. (Note: 1 kN = 0.225 
kips.) 
5.6.4 Contribution of GFRP Spirals 
In spirally reinforced specimens, only a component of the force in the spiral link can 
resist shear force due to the geometric curvature of the spirals. This reduces their 
efficiency in comparison to rectangular stirrups, as shown in Figure 5-13 (Feltham 2004). 
In addition, the shear plane will usually cut a spiral link twice in each revolution, but one 
side of the spiral will perform less well than the other side at resisting shear because of its 
inclination to the shear plane. The literature introduced two factors—
1  and 2 — to 
estimate Vsf so as to take into account the effect of spiral curvature (the inclination of the 
spiral with respect to the transverse axis) and spiral inclination with respect to the 
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longitudinal axis, respectively (Turmo et al. 2009). An effectiveness factor 
1 = 0.85 was 
obtained, assuming a constant lever arm of 0.8D (Turmo et al. 2009) to take into account 
the effect of curvature. On the other hand, it was found that 
2  had no practical design 
significance for steel spirals, since its values range from 0.99 for dc / s =4 to 0.97 for dc / s 
= 2 (Kim and Mander 2005).  
 
Figure ‎5-13: Shear across a circular section. 
The effective stress of the GFRP spirals at failure (ffv) of the test specimens was assessed 
based on the difference between the measured shear strength,Vexp, and the shear force 
contributed by the concrete as measured at the initiation of the first diagonal shear crack, 
Vcr, which is reported in Table 5-1. Based on the conventional truss model, the stress in 
the spirals at failure, ffv was determined considering 1 = 0.85 and 2 =1.0 as follows: 
exp
1 2
( )
(cot cot )sin
cr
fv
fv v
V V s
f
A d    



                                    Equation  5-2  
where Afv is the area of the GFRP spiral, s is the spiral spacing, dv is the effective shear 
depth of the member, and θ and   are, respectively, the angles of the observed diagonal 
shear cracks, or of the diagonal struts, and the inclination of the spiral to the member axis 
(Figure 5-13). Figure 5-14 shows that the effective spiral stress ffv at failure normalized to 
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the tensile strength of the GFRP straight bar. The effective spiral stress ffv at failure 
ranged between 35% to 53%, with an average value equal to 43% of the tensile strength 
of the GFRP straight bar. The closer the spacing of the GFRP spirals, the lower the 
effective spiral stresses. This is attributed to the reduction in the average spiral strain, 
which resulted from the distribution of the shear force on a larger number of spirals 
intersected by the diagonal shear cracks. Furthermore, the results indicate that the 
effective spiral stress ffv at failure attained 85%, 94%, and 118% of the bend strength 
(based on B.5 test method) specimens BG4-100, BG4-150, and BG4-200, respectively. 
The corresponding values for BG5-100 and BG5-150 are 80% and 87%, respectively. 
This indicates that the strength of the #5 GFRP spiral is less than that of the #4 GFRP 
spiral. This could be attributed to the stretching process to adjust spiral pitch, which may 
lead to the breaking and twisting of fibers. A factor should be added to account for the 
effect of stretching process, which is dependent on pitch, spiral size, and diameter. Based 
on the attained effective spiral stress ffv for the tested specimens, the tensile strength of 
the GFRP spiral could be considered equal to 
,fu bentf , as obtained with the B.5 test 
method multiplied by a factor 
3 =0.9. Figure 5-14 shows the CSA 806-12 stirrup stress 
and strain limits (0.4 fuf , 0.005Ev) and ACI 440 strain limit (0.004Ev) compared to the 
effective spiral stress for all the specimens. The figure indicates that the 0.4 fuf  stress 
limit is closer to the average test results, and 0.005Ev 
provides the lower limit for the 
attained stress in the spirals. It can be concluded that circular members design using CSA 
806-12 resulted in failure governed by the 0.4 fuf limit, and the capacity of the straight 
portions of the GFRP spirals could not be used. Consequently, using a value of less than 
0.005Ev in design seems unnecessarily restrictive. This is in good agreement with the 
recommendation in the recent comparative study on shear strength of FRP-reinforced 
concrete members with stirrups (Razaqpur and Spadea 2015). 
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Figure ‎5-14: Effect of spiral-reinforcement ratio on the effective shear stress of GFRP 
spirals. 
5.7 Shear Strength Predictions and Comparison with 
Experimental Results 
Current FRP design codes and standards consider a portion of the nominal shear 
resistance Vr, to be carried by concrete shear-resisting mechanisms Vcf, with the 
remainder Vsf carried by truss mechanisms involving transverse reinforcement (the 
reinforcement contribution). Experimentally, however, it is difficult to completely isolate 
the two components of the ultimate shear resistance. In our study, the shear capacities of 
the test specimens were assessed theoretically using the simplified approaches in ACI 
440.1R, CSA S806, CSA S6-14, and JSCE. Table 5-3 summarizes the shear design 
provisions of each code and design guideline. ACI 440.1R and CSA S6-14 recommends 
that the effective strain in FRP shear reinforcement not exceed 0.004, nor should the 
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design strength exceed the strength of the bent portion of the stirrup ffu bent. The value of 
0.004 is justified as the strain that prevents degradation of aggregate interlock and 
corresponding concrete shear (Priestley et al. 1996). ACI 440.1R, CSA S6-14, and JSCE 
provide design equations (Eqns. 5-6, 5-15, and 5-21, respectively, as shown in Table 5-3) 
for the bend capacity of the FRP stirrup, which is a function of the ratio of the bend 
radius, rb, to bar diameter, db.  
CSA S806 limits the maximum tensile stress in FRP shear reinforcement to be taken as 
the smaller of 0.005Ev, 40% of the ultimate longitudinal tensile strength of the FRP 
stirrup (0.4ffu), or 1200 MPa, irrespective of rb/db. None of the aforementioned codes or 
guidelines specifically addresses the evaluation of circular elements reinforced with FRP 
spirals. The shear design parameters such as effective shear depth and width, and strength 
and strain limitation for FRP spirals are not defined. Table 5-4 summarizes the statistical 
results related to the ratio between the experimental and the theoretical ultimate shear 
force, Vexp/Vpred. In addition, Figure 5-15 shows the relationship between the experimental 
and predicted ultimate shear strength, experimental cracking shear strength, and the 
predicted Vcf and Vsf versus shear-reinforcement stiffness. The average of Vexp/Vpred is 
directly related to accuracy. The analysis results indicate that the four methods 
investigated provided average ratios greater than 1.0. Figure 5-15 indicates that Vexp/Vpred 
is higher for specimens with low shear-reinforcement ratios rather than high. The CSA 
S806 method provides the closest predictions with a mean value equal to 1.43, followed 
by ACI 440.1R and CSA S6-14 with mean values equal to 1.7 and 1.74, respectively. 
Figure 5-15 indicates that the CSA S806-12, ACI 440.1R, and CSA S6-14 design 
methods account for the increase in shear reinforcement, whereas the trend of the 
theoretical curves are parallel to that of the experiential results. Moreover, this figure 
indicates that the cracking shear loads of the test specimens (Vcr exp) corresponded to the 
predicted concrete-contribution values (Vc pred) using CSA S806. Nevertheless, Vcr exp 
values were approximately 2.0 and 1.5 times the predicted values (Vc pred) using ACI 
440.1R and CSA S6-14, respectively. On the other hand, the JSCE method greatly 
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underestimated the shear strength of the test specimens, with an average Vexp/Vpred closer 
to 3.0. 
Table ‎5-3: Shear design provisions for calculating Vcf and Vsf  
Reference Shear Design Equations Reference Shear Design Equations 
 
ACI 
440.1R 
(2015) 
(2 5) ccf wV k f b d                    ( 5-3) 
( )sinsf fv fvV A f d s               
   ( 5-4) 
0.004fv v fu bentf E f                  
( 5-5) 
(0.05 / 0.3)fu bent b b fuf r d f         
( 5-6) 
d   Eq. (5-1) 
CSA S6 
(2014) 
0.4 1300
2.5( . )
(1 1500 ) (1000
 
)
cr w v
x z
cf
e
f b d
s
V
 

(5-12) 
(cot cot )sinsf fv fv vV A f d s       
(5-13) 
0.004fv v fu bentf E f                      (5-14) 
(0.05 / 0.3) 1.5fu bent b b fuf r d f      (5-15) 
greater valueof 0.72 0.9vd Dor d                  
(5-16) 
 
CSA-S806 
(2012) 
 
1
3
m r0.05 λ      ccf w vV K K b df 
    
( 5-7) 
( )cotsf fv fv vV A f d s                 ( 5-8) 
0.22r cf sf c w vV V V f b d             
( 5-9) 
0.005 0.4fv v fuf E f            
    ( 5-10) 
greater valueof 0.72 0.9vd Dor d                      
( 5-11) 
JSCE 
(1997)
 
 /cf d p n vcd w bV f b d                    
(5-17) 
(sin cos ) / /sf fv fv fv bV A E s z          
(5-18)
 
1/100.0001 ( ) .
300
f f
fv cd
fv v
Eh
f
E



     (5-19) 
v fv fu bentE f                                  
(5-20) 
(0.05 / 0.3) 1.3fu bent b b fuf r d f      (5-21)     
 
This excessive level of conservatism is relevant to the concept in calculating the FRP-
stirrup strain (εfv) at ultimate, which is limited to the lesser of the FRP-stirrup bend 
strength or the value obtained with Equation (5-19). Equation (5-19) provides very low 
strain values at ultimate, ranging between 0.0007 and 0.001, with an average value 
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0.0009. On the other hand, analysis results indicate that the ACI 440.1R, CSA S6-14, and 
JSCE design equations (Eqns. 5-6, 5-15, and 5-21, respectively) for bend strength are not 
appropriate for representing the strength of GFRP spirals. This was evident since these 
equations significantly overestimated the effective spiral stresses at failure. It was 
mentioned earlier that the 0.4ffu stress limit is closer to the average test results, and 
0.005Ev 
provides the lower limit for the attained stress in the spirals.  
Table ‎5-4: Comparison between predicted and experimental shear strength 
Specimen 
ID 
ACI 440  CSA-S6-14 CSA-S806-12  JSCE (1997) 
Vexp/Vpred Vexp/Vpred Vexp/Vpred Vexp/Vpred 
Code Proposed Code Proposed Code Proposed Code Proposed 
BG4-200 2.0 1.71 1.95 1.5 1.49 1.24 2.6 1.60 
BG4-150 1.85 1.72 1.88 1.41 1.50 1.18 2.8 1.58 
BG4-100 1.59 1.56 1.69 1.22 1.36 1.13 3.0 1.45 
BG5-150 1.60 1.50 1.64 1.19 1.39 1.11 3.1 1.40 
BG5-100 1.47 1.46 1.58 1.12 1.43 1.15 3.7 1.38 
Average 1.70 1.59 1.74 1.29 1.43 1.16 3.0 1.48 
SD 0.21 0.12 0.15 0.16 0.06 0.05 0.39 0.10 
COV 12.72 7.52 9.11 12.41 4.25 4.36 12.8 6.88 
The analysis results indicate that the aforementioned design methods are quite 
conservative. The high degree of conservatism does not justify the accuracy or validity of 
the assumptions in these methods, since any method can be made conservative by using a 
high safety factor (Razaqpur and Spadea 2015). Based on the findings of this study, the 
strength of GFRP spiral ( fvf ) should be the lesser of the 0.4ffu stress limit or the bend 
strength based on the B.5 test method for the same GFRP-stirrup diameter. In addition, it 
recommends introducing three factors—
1 2 3, , and   —to account for GFRP-spiral 
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inclination, curvature, and strength reduction, respectively, as a result of the stretching 
process. 
Hence, the shear contribution of GFRP spirals can be considered as: 
1 2 3
(cot cot )sinfv fv v
sf
A f d
V
s
  
  

                                     Equation  5-22  
Table 5-4 presents the Vexp/Vpred values for ACI 440.1R, CSA S806, CSA S6-14, and 
JSCE using the proposed design equation (Equation 5-22). The values of 
1 2 3, , and    
were taken as equal to 0.85, 1.0, and 0.9, respectively, based on experimental 
observations. In addition, the 0.4 fuf  stress limit of the GFRP spirals was considered. 
Table 5-4 shows that the proposed equation seems to give better predictions than the code 
equation. The most accurate method is provided in CSA S806-12 with the mean value 
closest to 1.16, followed by CSA-S6-14, JSCE, and ACI 440.1R and provide mean values 
equal to 1.29, 1.48 and 1.59, respectively. Overall, the equation proposed in CSA S806-
12 has the lowest coefficient of variation with a SD value of 0.05 and appears to be more 
accurate than the other methods. This is attributed to the fact that the predicted concrete 
contribution values (Vc pred) using this method corresponded to the cracking shear loads of 
the test specimens (Vcr exp). 
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Figure ‎5-15: Experimental and predicted components of shear resistance. (Note: 1 kN = 
0.225 kips.; 1 MPa = 0.145 ksi.) 
5.8 Conclusions 
The main findings of this investigation can be summarized as follows: 
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1. The test results indicate that the GFRP RC specimen exhibited similar shear 
strength and cracking behavior compared to the counterpart steel RC specimen. 
GFRP specimen BG4-150 reached a shear strength (761 kN) closest to that of 
steel specimen BS4-150 (788 kN), yet both had the same spiral- and longitudinal-
reinforcement ratios. This can be attributed to the failure of steel specimen (BS-
150) initiated by yielding of flexural reinforcement followed by yielding of steel 
spirals. 
2. The presence of GFRP spirals in the specimens enhanced the concrete 
contribution after the formation of the first diagonal crack.  
3. The test results indicate that the higher the GFRP spiral reinforcement ratio, the 
higher the enhancement of the shear strength due to the confinement, which 
controls shear cracks and improves aggregate interlocking. The shear strengths 
increased linearly with the increase in ρfvEv for each spiral size. Increasing the 
GFRP spiral-reinforcement ratio from 0.25 to 0.79 increased the shear strength of 
the tested specimens by 61%. 
4. The ACI 440, CSA S6-14 and JSCE design equations for bend strength are not 
representative of the shear-strength capacity of GFRP spirals. The B.5 test method 
provided conservative values for the strength of GFRP spirals using similar bent 
bars of the same size. 
5. The results of this study indicate that the investigated design method 
underestimates the shear strength of specimens reinforced with GFRP spirals. In 
comparing the actual shear strength of the tested specimens to their predicted 
strengths based on ACI 440, CSA S6-14, CSA S806-12, and JSCE guidelines, it 
can be concluded that, overall, the CSA S806-12 method yields more accurate 
results. The mean value of the ratio of the experimental strength to the CSA S806-
12 predicted strength of the tested specimens is 1.43, whereas the corresponding 
values using ACI 440, CSA S6-14, and JSCE are 1.7 and 1.74, and 3.0, 
respectively. 
6. Using a 0.4 reduction factor in the design equations to account for the reduction in 
the tensile strength of the GFRP spirals as a function of the tensile strength of the 
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straight portion yields a more accurate but still conservative prediction of the 
shear strength of concrete specimens reinforced with GFRP spirals. 
7. The Vr  design formulae developed on rectangular sections are intended to allow 
for the safe design of circular sections reinforced with GFRP bars and spirals with 
the following modifications: 
a. The area of flexural reinforcement is the area of the FRP below the mid-depth 
of the section. 
b. The diameter of the circular section D is used in lieu of the width wb . 
c. The effective depth d is taken as defined in ACI 318-14 (d = 0.8D) or ASHTO 
2012 LRFD (d = de). 
8. A new equation was introduced to quantify Vsf in circular concrete members to 
account for the mechanical properties and geometry of GFRP spirals. The 
proposed equation provided more reasonably accurate predictions. 
9. The experimental evidence in our study indicates that the use of GFRP spirals as 
shear reinforcement adequately fulfills shear design requirements. The developed 
GFRP spirals can be used as shear reinforcement for circular concrete members 
for pile and pier applications.  
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CHAPTER 6                   
SHEAR BEHAVIOR OF CIRCULAR 
CONCRETE MEMBERS REINFORCED WITH 
GFRP BARS AND SPIRALS AT SHEAR-SPAN-
TO-DEPTH RATIOS BETWEEN 1.5 AND 3.0 
6.1  Preface  
6.1.1 Journal 
Journal Title:  ASCE Journal of Composites for Construction. 
Submittal/Acceptance Date: Accepted February 24
th
, 2016. 
Acceptance Status: Published online.  
6.1.2 Contribution in thesis:  
In this chapter, the behavior of the circular members reinforced with FRP bars and spirals 
and with different values of shear span-to-depth ratio is investigated. The test results and 
analysis discussion of each parameter is represented in this chapter.  
6.2 Abstract 
In the last decade, the shear strength of concrete members with rectangular cross sections 
reinforced with fiber-reinforced polymers (FRPs) has received considerable attention. Yet 
no research seems to have investigated circular concrete members reinforced with FRP 
reinforcement under shear loads. This paper presents the results of an investigation of the 
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shear strength and behavior of six circular concrete specimens reinforced with glass-FRP 
(GFRP) bars and spirals. The specimens, which measured 3,000 mm in length by 500 
mm in diameter, were tested under four-point bending. The test parameters included the 
shear-span-to-depth ratio (a/d), (ranging from 1.5 to 3.0) and GFRP-spiral-reinforcement 
ratio (different spiral spacings [100, 150, 200 mm] and spiral diameters [13 and 15 mm]). 
As designed, the specimens failed in shear due to GFRP-spiral rupture or flexural-shear 
failure for the specimens with a/d > 2.5 and strut crushing combined with spiral rupture 
for the specimens with a/d < 2.5. The experimental results were compared to the current 
sectional models and strut-and-tie model in codes and design guidelines (CSA S806-12; 
CSA S6-14; ACI440.1R-15; JSCE) as well as to the available analytical approach using 
Response 2000 (R2K), which is based on the modified compression-field theory. The 
comparison indicates that the shear capacity of FRP-reinforced concrete members with 
circular cross sections may be determined with the shear-design provisions developed for 
rectangular sections within a variable degree of conservativeness.  
Keywords: Circular concrete beams; Shear-span-to-depth ratio; Shear; FRP bars and 
spirals. 
6.3 Introduction 
Circular reinforced-concrete (RC) members are extensively used as piers and piles in 
bridges and as fender piling in marine environments, because they are easy to build and 
provide equal strength in all directions under lateral loads. These members have limited 
service lives and high maintenance costs when used in harsh environments due to 
corrosion of steel reinforcement.  In North America, it has been estimated that the repair 
and replacement of piling systems costs billions of dollars annually (Benmokrane et al. 
2015; Mohamed et al. 2014). In the last decade, the use of fiber-reinforced polymer 
(FRP) as an alternative reinforcing material in RC structures has emerged as an 
innovative solution to the corrosion problem (ACI 440.1R-15). Today, glass-FRP 
(GFRP) bars are becoming more attractive to the construction industry because they cost 
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less than other types of FRP materials. Moreover, the cost of GFRP bars has been 
dropping in recent years, primarily due to a larger market and greater competition. GFRP 
bars have been used successfully as the main reinforcement in concrete bridges, parking 
garages, tunnels, and soft-eyes (Nanni and Faza 2002; Mohamed and Benmokrane 2014). 
Therefore, the development of reinforced concrete with GFRP bars and their application 
in infrastructure is gaining considerable interest in the civil-engineering community. 
Extensive research programs have been conducted to investigate the shear behavior of 
concrete members reinforced with GFRP bars and stirrups with rectangular cross sections 
(Razaqpur and Spadea 2015, Alam and Hussein 2012, Bentz et al. 2010, Ahmed et al. 
2010a, Fico et al. 2008, El-Sayed and Benmokrane 2008, El-Sayed et al. 2006, Shehata et 
al. 2000, Alkhrdaji et al. 2001, Guadagnini et al. 2006, Tottori and Wakui 1993). As a 
result, several guidelines and code standards have been published, including design 
equations for assessing total shear resistance (Vr): ACI 440-1R-15, CSA S806-12, 
CSA S6-14, and JSCE (1997). They all follow the traditional (Vcf + Vsf ) philosophy, but 
significantly differ in the manner in which they estimate the contributions of concrete 
(Vcf) and diagonal tension reinforcement (Vsf) to the total shear resistance (Vr) In contrast, 
studies on the shear behavior of circular concrete members that can be reinforced with 
GFRP bars and spirals have not yet been introduced. Moreover, none of the 
aforementioned FRP design standards have incorporated specific formulae for circular 
RC members. In general, FRP shear design provisions can be applied to circular members 
by using an equivalent rectangular cross section. The accuracy of such an approach 
should, however, be assessed, because circular GFRP spirals may not contribute to shear 
strength in the same way as rectangular bent stirrups. That being said, limited research 
has been carried out during the last decade on the shear behavior of circular steel-
reinforced-concrete members (Jensen et al. 2010, Khalifa and Collins 1981, Clark and 
Bijandi 1993, Priestley et al. 1994, Collins et al. 2008, Felthem 2004, Merta and 
Kolbitsch 2006, Turmo et al. 2009).  
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The calculation of the shear strength (Vsf) of FRP-RC members uses the same basic 
relationship for as steel-RC members, with the main difference being the tensile-strength 
limitation of FRP stirrups versus steel stirrups. This limitation arises from the fact that 
bending FRP bars to form stirrups significantly reduces tensile strength at bend location 
(Shehata et al. 2000; Ahmed et al. 2010). Recently, a number of studies have been carried 
out on the bend-strength capacity of FRP stirrups using the standard test method (B.5 test 
method), indicating that the tensile strength of the bent part of the FRP bar is significantly 
lower than that of the straight part (Ahmed et al. 2010; Ishihara et al. 1997). Nonetheless, 
the behavior or a standard test method for FRP spirals under tensile axial loading has not 
yet been reported. 
In reinforced-concrete members, the shear-span-to-effective depth ratio (a/d) is 
sometimes less than 2.5 (deep beams) or greater than 2.5 (slender beams). There is 
consensus that beams with shear-span-to-depth ratios a/d ≥ 2.5 resist the applied load 
primarily by beam action and that arch action makes an insignificant contribution to the 
strength and behavior of such beams. Sectional models are included in the codes and 
design guidelines to predict the shear strength of slender FRP-RC members. Table 6-1 
presents a summary of these models for ACI 440-1R-15; CSA S806-12; CSA S6-14; and 
JSCE 1997. Among, these standards, CSA S806-12 provides a factor (ka) to be multiplied 
by Vcf to account for arch effect enhancing shear resistance. Moreover, valuable research 
has been conducted to investigate the effect of a/d on the behavior of FRP-RC beams 
(Alam and Hussein 2012; Sherwood and Noghreh Khaja 2012). In beams with low a/d 
values (less than 2.5), shear failure is governed by strut-and-tie behavior. Therefore, the 
strut-and-tie model (STM) will generate more accurate predictions of shear strength with 
failure governed by crushing of a diagonal strut (Kani et al. 1979; Collins et al. 2007, 
2008). Strut-and-tie models are included in ACI 318-14 (ACI 2014) for steel 
reinforcement and in CSA S806 (CSA 2012) for FRP reinforcement using the same 
equations as CSA A23.3-14 (CSA 2014), CSA S6-14 (CSA 2014), and AASHTO LRFD 
bridge design specifications (AASHTO 2012) for steel reinforcement.  
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Table ‎6-1: Shear design provisions 
Reference Shear design equations Definition  
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Table 6-1 shows the strut-and-tie design provisions according to CSA S806 (CSA 2012). 
Recently, these provisions were assessed to predict the shear strength of FRP-RC deep 
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beams (Farghaly and Benmokrane 2014). The applicability of these provisions to FRP-
RC members with circular sections and low a/d values needs to be investigated. 
The following sections provide details of experimental work on the beam action versus 
arch action of full-scale circular concrete specimens reinforced with GFRP bars and 
spirals tested under shear loading. A theoretical study was also conducted to verify the 
accuracy of the available design provisions in predicting the shear strength of specimens 
with a/d between 1.5 to 3.0. 
6.4 Experimental Investigation 
6.4.1 Material  
GFRP bars and spirals were used to reinforce six circular concrete specimens in the 
longitudinal and transverse directions, respectively (see Figure 6-1). The GFRP 
longitudinal bars were pultruded, while the transverse reinforcement was fabricated with 
a bending process (BP Composites Ltd. 2014). The reinforcement was made of 
continuous glass fibre rovings impregnated in a high performance vinylester resin, 
additives, and fillers. The GFRP reinforcement had a sand-coated surface to enhance 
bond performance between the bars and the surrounding concrete. 
High-modulus (HM) GFRP bars (CSA S807-10 Grade III) of #6 were used as 
longitudinal reinforcement. Number 4 and #5 GFRP spirals were used as shear 
reinforcement. Table 6-2 provides the guaranteed properties of these bars and spirals, as 
reported by the manufacturer. In addition, the bent tensile strength ( ,fu bentf ) of the #4 and 
#5 bars was calculated according to ACI 440.1R and CSA S6 design equations for the 
bend strength of FRP bent bars. All specimens were cast on the same day with normal-
weight, ready-mixed concrete with an average compressive strength of 49.5 MPa. The 
actual compressive strength was determined based on the average test results of ten 
Chapter 6 – Shear Behavior of Circular Concrete Members Reinforced with GFRP Bars 
and Spirals at Shear-Span-to-Depth Ratios between 1.5 and 3.0  
 
153 
  
concrete cylinders (150 x 300 mm) tested on the same day as the start of testing of the 
specimens. 
    
Figure ‎6-1: GFRP bars and spirals 
6.4.2 Details of Test Specimens 
A total of six full-scale circular RC specimens totally reinforced with GFRP bars and 
spirals were constructed and tested under monotonically increasing shear load. The test 
matrix was arranged to assess the influence of the shear-span-to-the effective depth ratio 
(a/d) and the GFRP-spiral-reinforcement ratio (spiral spacing and size) on the shear 
strength and behavior of circular concrete specimens. Each specimen was simply 
supported over a variable span and had a total length of 3,000 mm, an equivalent 
effective flexural depth ( d ) of 377 mm, an equivalent effective shear depth ( 0.9vd d
) of 340 mm, and a diameter of 500 mm. The equivalent effective depths were estimated 
based on the shear provisions (Clause 5.8.2.9) in the 2012 edition of the AASHTO LRFD 
Bridge Design Specifications. Table 6-3 provides the test matrix and reinforcement 
details of the specimens. Each specimen was identified a code consisting of two letters (B 
and S) and two numbers. The letters B and S refer to beam specimen and spiral, 
respectively. The first number refers to shear-span-to-depth ratio of the test specimen (a/d 
between 1.5 to 3). The second number represents the spiral-reinforcement ratio. As 
shown in Table 6-3, the effect of the GFRP-spiral-reinforcement ratio was investigated 
using #4 spirals at a spacing of 150 and 200 mm and using #5 spirals at a spacing of 150 
mm. The effect of shear-span-to-depth ratio (a/d) was investigated using four specimens 
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with a/d equal to 1.5, 2.0, 2.6, and 3.0. These specimens were reinforced with 10 #6 
GFRP bars and #4 GFRP spirals @ 150 mm. Figure 6-2 shows the dimensions, various 
configurations, and reinforcement details of the test specimens.  
GFRP cages were assembled for the various specimen configurations. The clear concrete 
cover was kept constant at 40 mm. The circular specimens were prepared for casting in 
very stiff Sonotubes. Wooden plugs were used to seal the ends. The Sonotubes were 
placed in an inclined position and the concrete was cast from the top. External and 
internal vibration was used. Figure 6-3 illustrates the fabrication process before and after 
casting. 
Table ‎6-2: Mechanical properties of the GFRP bars and spirals according to the 
manufacturer 
Bar  
‏Size 
Designated 
Diameter 
(mm) 
Nominal 
Area 
(mm
2
) 
Area by  
Immersion 
Tests 
(mm
2
) 
Elastic Tensile  
Modulus 
(GPa) 
Guaranteed  
Tensile  Strength 
(MPa) 
GFRP Bars 
#6 20 285 341 62.8 ffu     = 1103 
   GFRP Spirals 
#4 13 127 
 
135 
 
47.0 
ffu,        =1050 
ffu, bent = 615
a
 
ffu, bent = 1019
b
 
ffu, bent = 765
c
 
#5 15 198 211 49.5 
ffu,       = 1003 
ffu, bent = 567
a
 
ffu, bent = 962
b
 
ffu, bent = 641
c
 
Note: a: Manufacturer (according to ACI 440 B.5 Test Method); b: ACI 440; c: S6-14; ffu 
= Guaranteed tensile strength of the straight portion of bent bars; ffu, bent = Guaranteed 
tensile strength at the bent portion. 
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Table ‎6-3: Details of specimens and test results 
specimen 
ID 
 Shear 
reinforcement Ultimate     
shear               
Vu exp 
(kN) 
Load at 
failure    
(KN) 
 
Stiffness 
(kN/mm) 
Mode 
of 
failure 
a/d 
Spiral 
    
(%) 
(θo) 
Kcr Ku 
B3.0-S0.35 3.0 #4@150mm 0.35 405.9 811.9 -- 135.3 18.97 FS 
B2.6-S0.35 2.6 #4@150mm 0.35 418.5 837.0 46.5 138.1 24.24 GR 
B2.0-S0.35 2.0 #4@150mm 0.35 507.9 1015.8 37.0 139.9 50.43 CS+GR 
B1.5-S0.35 1.5 #4@150mm 0.35 920.9 1841.8 40.1 141.7 87.65 CS+GR 
B2.6-S0.26 2.6 #4@200mm 0.26 384.5 769.0 47.8 137.7 22.22 GR 
B2.6-S0.53 2.6 #5@150mm 0.53 502.6 1005.3 59.6 139.5 25.45 GR 
FS = Flexural-shear failure, GR = GRFP spiral rupture, CS = compression strut failure, 
Ku = postcracking stiffness, Kcr = initial stiffness, θ
o
 = angle of major shear crack, Vu exp 
= 0.5failure load. 
 
Figure ‎6-2: Dimensions and reinforcement details of test circular specimens 
L= 3000 mm
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Figure ‎6-3: Fabrication and preparation of specimens: (a) overview of the assembled 
GFRP cages; (b) steel formwork and Sonotubes; (c) circular specimens 
(a) 
(b) 
(c) 
(b) 
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6.4.3 Instrumentation and Test Setup  
Strains in the longitudinal reinforcing bars and spirals were measured using electrical-
resistance strain gauges with gauge lengths of 6 mm. In addition, three strain gauges with 
a gauge length of 60 mm were mounted on the concrete top surface at three different 
levels (D, D/8, and D/4) at the mid-span to measure compressive strains. Specimen 
deflection was measured with linear variable differential transformer (LVDT) transducers 
placed at the mid-span, under the point loads, and at mid-shear span. Crack widths were 
monitored at each load increment by visual inspection using a hand-held micrometer with 
an accuracy of 0.01 mm. Figure 6-4 presents a typical test arrangement, including the 
external instrumentation. 
The test setup was designed and fabricated in the University of Sherbrooke’s structural 
laboratory. The specimens were loaded under four-point bending, as shown in Figure 6-4. 
An automatic data-acquisition system monitored by a computer was used to record the 
readings of the LVDTs, load cells, and strain gauges.  
6.5 Experimental Results and Discussion 
Table 6-3 provides a summary of the specimen test results, including the failure load, 
ultimate shear load, initial and post-cracking flexural stiffness, and modes of failure. It 
should be noted that each specimen was symmetrically loaded with two concentrated 
loads and consequently, the failure load is the sum of the two concentrated loads. The 
following sections provide the test results, including the effect of the test parameters on 
the shear strength behavior of specimens. 
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Figure ‎6-4: Instrumentations and test set-up 
6.5.1 Effect of Spiral Reinforcement Ratio on Load–Deflection 
Behavior 
Figure 6-5 shows the shear behavior of three circular RC specimens (B2.6-S0.26, B2.6-
S0.35, and B2.6-S0.53) that were reinforced with different spiral-reinforcement ratios 
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(0.26, 0.35, and 0.53, respectively). These specimens had a constant shear-span-to-depth 
ratio (2.6). The spiral spacing, s, for these specimens was within the CSA S806-12 
maximum spacing limit for transverse reinforcement (0.6dV cot  or 400 mm), where 
Vd is the effective shear depth, taken as the greater of 0.9d (flexural depth) or 0.72h 
(overall thickness). In general, the behavior of these specimens can be divided into two 
stages. In the first—the ―prior-to-flexural-cracking stage‖—all the specimens behaved 
similarly and approximately linearly. Specimen stiffness at this stage was almost identical 
regardless of spiral-reinforcement ratio, representing the behavior of the uncracked 
member with the gross moment of inertia of the concrete cross section. After cracking, 
the specimens behaved nearly linearly with reduced stiffness up to failure. This is 
attributed to the linear-elastic characteristics of the GFRP reinforcement. Specimen 
stiffness in this stage was insignificantly dependent on the spiral-reinforcement ratio as 
well as the stiffness of the flexural reinforcement, which was constant for the three 
specimens.  
 
Figure ‎6-5: Load-deflection response at mid-span for the effect of spiral reinforcement 
ratio  
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Figure 6-5 and Table 6-3 indicate that the ultimate shear strength increased as the spiral-
reinforcement ratio increased. Increasing the shear reinforcement from 0.26 to 0.35 and 
0.53 increased the shear capacity of the tested specimens by 9% and 30.7%, respectively. 
Moreover, B2.6-S0.35 and B2.6-S0.53 evidenced enhanced stiffness when the major 
diagonal shear crack compared to B2.6-S0.26, which had a lower shear-reinforcement 
ratio. This can be attributed to the higher spiral-reinforcement ratio that tends to control 
crack opening and propagation. Increasing the shear-reinforcement ratio in B2.6-S0.35 
and B2.6-S0.53 helped redistribute internal stresses, forming a truss action in which the 
reinforcement acts as tensile links and the concrete acts as compression diagonals.  
6.5.2 Effect of shear span to depth ratio on Load–Deflection 
Behavior 
Figure 6-6 shows the shear behavior of four circular RC specimens (B3.0-S0.35, B2.6-
S0.35, B2.0-S0.35, and B1.5-S0.35) that were tested with different shear-span-to-
effective-depth ratios (3.0, 2.6, 2.0, and 1.5, respectively). The figure shows that the shear 
span-to-effective-depth ratio (a/d) significantly influenced the load–deflection behavior. 
The figure indicates that the shear strength increased with reducing a/d from 3.0 to 2.0, 
then exhibited a considerable incresement as a/d reached 1.5. All specimens exhibited a 
nearly bilinear response up to failure except for the specimen with a shear-span-to-depth 
ratio (a/d) of 1.5, which had nearly linear load–deflection behavior. The specimen with a 
shear-span-to-depth ratio (a/d) of less than 2.5 had no postpeak response, as the failure 
was explosive. As is evident in the figure, the initial stiffness (before cracking) and post-
cracking flexural stiffness were significantly affected when the shear-span-to-depth (a/d) 
ratio decreased from 3.0 to 1.5. A noticeable enhancement in the initial stiffness was 
observed as the shear-span-to-depth ratio (a/d) decreased from 2.6 to 1.5, representing the 
shear behavior of the short beam. It was observed, however, that the initial stiffness of the 
specimen with a/d of 3.0 was similar to that of the specimen with a/d of 2.6, representing 
the shear behavior of the slender beam. On the other hand, decreasing the a/d from 3.0 to 
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2.0 gradually increased the post-cracking flexural stiffness of the tested specimens, then 
decreased the a/d from 2.0 to 1.5 and exhibited a remarkable steeper load–defelection 
response. This is evident since the flexural stiffness of B1.5-S0.35 ( uk = 87.65 kN/m) 
and B2-S0.35 ( uk = 50.43 kN/m) was approximately 3.6 and 2.0 times that of B2.6-S0.35       
( uk = 24.24 kN/m), respectively. This is attributed to the fact that, since the shear-span-
to-effective-depth ratio (a/d) was less than 2.5, their shear behavior and performance 
takes the shape of an arch action.  
 
Figure ‎6-6: Load-deflection response at mid-span for the effect of shear span-to-depth 
ratio  
6.5.3 Crack Patterns and Modes of Failure 
In this study, different failure modes associated with combined bending and shear were 
observed. Shear-compression failures (crushing of compression struts) accompanied by 
spiral rupture were observed for specimens of with span-to-depth ratios of 2 and 1.5, 
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while diagonal shear failure accompanied by GFRP-spiral rupture and flexural-shear 
failure were the dominant failure modes for specimens with span-to-depth ratios of 2.6 
and 3, respectively. Figure 6-7 provides the crack patterns and measured values of shear-
crack angles for each major crack in each specimen. In all the specimens, flexural cracks 
occurred first, irrespective of span-to-depth ratio or spiral spacing. As the load increased, 
additional vertical cracks appeared on the specimen surface, followed by the formation of 
diagonal cracks. A diagonal tension crack is generally defined as an inclined crack in the 
shear span that intersects the tensile reinforcement at an angle of approximately 45°. In 
the specimens with a/d equal to 3 and 2.6, these diagonal tension cracks generally 
originated as vertical flexural cracks that extended from the tensile side of the specimen 
to slightly the top, then became inclined and progressed towards the loading point. 
For the specimens with a/d = 3, with increasing the load, more cracks appeared along the 
shear span.  After a load level corresponding to about 72% of the failure load, no more 
cracks appeared, only a widening of the existing cracks were observed. Although the 
shear-span-to-depth ratio was 3, i.e., for this specimen, the shear and tensile stresses 
governed the cracking pattern. In this case, the flexural cracks under the loading point 
and the diagonal tension crack in the shear span simultaneously grew excessively wide. 
The final failure was found to depend on the widening of the diagonal cracks relative to 
that of the flexural cracks. The test was halted when one of the diagonal cracks near the 
loading point had opened significantly (see Figure 6-8), leading to excessive specimen 
deformation and the GFRP tensile reinforcement reached a strain level of over 11,000 
microstrains. 
For specimen with a span-to-depth ratio of 2.6, the formation of diagonal cracks did not 
immediately lead to final collapse. Instead, these cracks continued to develop with each 
increment of the applied load, and the ultimate loads sustained by the specimen were, in 
general, considerably higher than the load at which the diagonal tension cracks first 
formed. The initial flexural cracks at the pure bending moment zone remained narrow 
throughout the tests. Failure occurred after the formation of two or more significant 
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diagonal shear cracks near the mid shear span that propagated through the compressive 
zone, leading to diagonal tension failure combined with rupture of GFRP spirals. 
Removing the concrete cover revealed the rupture of the GFRP spirals, with at least two 
of the GFRP spirals crossing a diagonal crack. The concrete cover under the layer of 
longitudinal reinforcement at the bottom of the specimen was lost. The main difference in 
the final crack patterns of the three specimens (a/d =2.6) was the number and spacing of 
diagonal cracks that developed in the shear span: the higher the failure load, the greater 
the number of induced shear cracks. Figure 6-9 shows the typical failure mode of the 
specimens with a/d of 2.6. On the other hand, the two specimens with a/d less than 2.5 (2 
and 1.5) exhibited major cracking that developed from the loading point to the support. 
Limited flexural cracks were observed. Diagonal tension cracks originated at about 
specimen mid-depth and then progressed towards the nearer concentrated load and the 
supports. This eliminated the shear flow completely and the specimen had arch-action 
behavior. Since the arch action developed at an early loading stage, the initial cracks 
remained narrow throughout the tests. The number of vertical and inclined cracks was 
significantly lower for these specimens, however, due to arch action. At a load level of 
45% to 55% of the failure load, a major diagonal crack formed, defining the concrete 
compression strut. Afterwards, no more cracks developed and only widening of the 
former diagonal cracks could be observed. The crack progression in B1.5-S0.35 and 
B2.0-S0.35 supports the notion of the formation of a direct compressive-strut mechanism. 
Figure 6-10 shows the crack propagation and final state of the shear-compression failure 
(crushing of the compression strut) accompanied by spiral rupture for the specimen with 
a/d of 2. In addition, Figure 6-11 shows the crack propagation and final state of the strut-
compression failure and rupture of a spiral in the specimen with a/d of 1.5. The failure 
crack extended diagonally from the load plate to the support plate. Failure of the two 
specimens was very brittle, accompanied by an explosive sound. No premature failure 
due to anchorage failure of the tension reinforcement or due to bearing failure at the 
supports or at the loading points was observed. As can be seen in these figures, the 
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inclined crack pattern was more linear than curvilinear, as observed in the other 
specimens with span-to-depth ratios over 2. B1.5-S0.35 had only a single diagonal crack 
in each shear span. 
 
Figure ‎6-7: Crack patterns of tested specimens 
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Figure ‎6-8: Failure mode of specimen B3.0-S0.35 (a/d=3) 
 
 
Figure ‎6-9: Crack propagation and failure mechanism  (a/d =2.6), (a and b) crack 
pattern at load level 75% of the failure, front view and back view, (c and d) at load level 
85%, and (e) Rupture of GFRP spirals. 
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Figure ‎6-10: Crack propagation and failure mechanism  (a/d =2), (a) crack pattern at 
load level 65% of the failure, (b) crack pattern at load level 90% of the failure,(c) 
crushing of compression strut and spiral rupture. 
  
Figure ‎6-11: Crack propagation and failure mechanism  (a/d =1.5), (a) crack pattern at 
load level 75% of the failure, (b) crushing of compression strut and rupture of spiral. 
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6.5.4 Load–Flexural-Tension-Strain Relationship 
Figure 6-12 shows the measured applied load on the specimens versus the strain 
relationships for the GFRP longitudinal bars. As shown in this figure, the strain was 
minimal until the concrete section cracked. The specimens exhibited similar strain 
behaviors up to this stage, except the specimens with a/d ≤ 2.5. The figure indicates that 
the specimen with the higher shear-span-to-depth ratio (a/d = 3) exhibited cracking at a 
lower load level (79 kN) compared to the other specimens. In contrast, the specimen with 
the lowest a/d (1.5) evidenced a higher cracking load (approximately 187 kN). After 
cracking, the concrete specimen with the lowest a/d (1.5) exhibited less bar strain than 
that the specimens with higher a/d (2.0, 2.6, and 3.0) at the same load level, because the 
former had arch action, compared to the slender beam behavior of the later. This can be 
attributed to the arch action for the specimen with a/d of 1.5, which is capable of 
transferring the load directly to the supports. After cracking, however, in the specimen 
with a/d of 3.0, the concrete stress was transferred to the reinforcement, which could 
result in higher strain. It should be noted that the development of GFRP flexural strains in 
specimens with a/d = 2.6 were similar to that specimen with a/d = 2.0. The maximum 
strains in the GFRP bars for specimens with constant a/d (2.6) were approximately 8,130, 
7,340, and 9,670 microstrains for B2.6-S0.26, B2.6-S0.35, and B2.6-S0.53, respectively. 
On the other hand, the measured strains in the GFRP bars for specimens with different 
shear-span-to-depth ratios (3.0, 2.6, 2.0, and 1.5) were 11,800, 7,340, 6,737, and 10,969 
microstrains, respectively. In general, this strain at ultimate shows that shear failure was 
not triggered by the GFRP bars rupturing.  
6.5.5 Concrete Strains 
Figure 6-13 provides the measured compressive concrete strains at the mid-span at three 
different levels from top (D, D/8, and D/4). The figure indicates that, prior to cracking; 
the concrete strains were insignificant in all of the specimens and ranged from 110 to 200 
microstrains. After cracking occurred, the strains differed almost linearly with increasing 
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load up to failure. As shown in Figure 6-13, the maximum recorded concrete strain before 
failure ranged from 2,840 to 3,800 microstrains. The higher strain was recorded for the 
specimen with the highest a/d (3.0). The recorded strains for B2.6-S0.26, B2.6-S0.35, and 
B2.6-S0.53 were similar and approximately close to the limit of the concrete crushing 
strain of 3,500 microstrains specified in CSA standards (CSA S806-12). The propagation 
of cracks at the shear span implies that the major diagonal tension–shear crack governed 
the failure mode of these specimens with no signs of crushing at the mid-span. After 
cracking, the concrete specimen with the lowest a/d (1.5) exhibited less concrete strain 
than that the specimens with higher shear-span-to-depth ratios (2.0, 2.6, and 3.0) at the 
same load level. Figures 6-13 (b and c) show the measured concrete strains at level D/8 
and D/4 for all tested specimens. Figure 6-13(b) indicates that the strain began to 
increase, reaching to no more than on 2,600 microstrains. Figure 6-13(c) also revealed 
that the strains at level D/8 were insignificant up to the ultimate failure load. This implies 
that the flexural cracks at the mid-span did not penetrate into the compression zone. 
 
Figure ‎6-12: Load-strain relationship for longitudinal reinforcement 
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Figure ‎6-13: Load-strain relationship for concrete: (a) at level top concrete surface; (b) 
at level (D/4); (c) at level (D/8)   
6.5.6 Strain in GFRP Spirals  
Spiral strains were measured using strain gauges attached to the GFRP-spiral 
reinforcement at the mid-shear span. It is notable, however, that some of the strain data 
were unreliable due to the difficulties in measuring strains over the curved/twisted 
surface of the spirals. Besides, test observations revealed that the major diagonal crack 
did not always cross the spirals at the location of the strain gauges, which means that the 
effective strains measured in the spirals did not necessarily represent the maximum strain. 
Figure 6-14 shows the applied load–spiral strain relationship. The figure indicates that, 
prior to cracking, all specimens showed the same behavior with insignificant spiral strain. 
Subsequent to diagonal shear cracking and with increasing loads, the spiral strain slowly 
and steadily increased. This indicates the transfer of internal forces from the concrete to 
the spirals. The figure indicates that, in G1.5-S0.35, the GFRP-spiral strain was activated 
at a higher load level than in the other specimens. This is attributed to the arch action in 
this specimen, which delayed the load transfer to the GFRP spirals. After formation of the 
major diagonal cracking at a load level of 1195 kN, however, the strain in the spiral for 
this specimens increased progressively and recorded 3,135 microstrain before failure. On 
the other hand, the GFRP spiral in G2.6-S0.26 reached to the highest strain level (3,300 
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microstrains) compared to the other specimens. This is attributed to the fact that this 
specimen exhibited arch action combined with slender-beam behavior, as the failure 
resulted from the strut crushing with GFRP-spiral rupture.  
 
Figure ‎6-14: Load-stirrup strain relationship at shear span 
6.5.7 Effectiveness of GFRP Spirals 
In this study, the effective stress of the GFRP spirals at failure (ffv) of the test specimens 
was assessed based on the difference between the measured shear strength, Vexp and the 
shear force contributed by the concrete as measured at the initiation of the first diagonal 
shear crack, Vcr, which is reported in Table 6-1. Based on the conventional truss model, 
the stress in the spirals at failure,  ffv was determined as follows: 
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where 
fvA  is the area of the GFRP spiral, s  is the spiral spacing, vd  is the effective shear 
depth of the member, θ and   are, respectively, the angles of the observed diagonal shear 
cracks, or of the diagonal struts, and the inclination of the spiral to the member axis 
(Feltham 2004) (Figure 6-15), and 
1  and 2  are two factors taking into account the 
effect of spiral curvature (the inclination of the spiral with respect to the transverse axis) 
and spiral inclination with respect to the longitudinal axis, respectively (Turmo et al. 
2009; Clark and Bijandi 1993). In the calculation, 
1 = 0.85 and 2 =1.0 were considered 
(Turmo et al. 2009). 
 
 Figure ‎6-15: Shear across a circular section  
Test results of shear strength for specimens with a/d = 2.6 were used to assess the 
contribution of GFRP spiral, since the failure of these specimens resulted from spiral 
rupture. Figure 6-16 shows that the effective spiral stress ffv 
at failure normalized to the 
tensile strength of the GFRP straight bar. The effective spiral stress ffv 
at failure ranged 
from 33% to 57%, with an average value equal to 45% of the tensile strength of the 
GFRP straight bar. The reduced strength of the spirals could be attributed to localized 
stress concentration due to spiral curvature, spiral inclination, and effect of the spiral 
stretching process. On the other hand, the test results indicate that the higher the GFRP-
spiral ratio, the lower the effective spiral stresses. This is attributed to the reduction in the 
average spiral strain, which resulted from the distribution of the shear force on a larger 
number of spirals intersected by the diagonal shear cracks. Figure 6-16 shows the CSA 
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806-12 stirrup stress and strain limits (0.4 fuf  and 0.005Ev, respectively) and ACI 440 
strain limit (0.004Ev) compared to the effective spiral stress for all the specimens. The 
figure indicates that the 0.4 ffv 
 stress limit is closer to the average test results, and 
0.005Ev provides the lower limit for the attained stress in the spirals. It can be concluded 
that circular members design using CSA 806-12 resulted in failure governed by the 0.4ffu 
limit, and the capacity of the straight portions of the GFRP spirals could not be used. 
Consequently, using a value of less than 0.005Ev in design seems unnecessarily 
restrictive. This agrees well with the recommendation in the recent comparative study on 
the shear strength of FRP-RC members with stirrups (Razaqpur and Spadea 2015). 
 
Figure ‎6-16: Effect of shear reinforcement ratio on effective capacity of GFRP spirals  
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Shear transfer mechanisms in reinforced concrete depend on the shear-span-to-depth 
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with large a/d are dominated by beam action in which the tension in the longitudinal 
reinforcement changes along the length of the specimen. For such specimens, shear is 
resisted by uncracked concrete in the compression zone, the interlocking action of 
aggregates, and the dowel action of the longitudinal reinforcement. For deep beams, 
however, after the breakdown of beam action, shear force is resisted mainly by arch 
action. In this mechanism, the longitudinal reinforcement has almost constant force from 
support to support, and the shear is carried by inclined struts (Kim and Park 1996; 
Mihaylov et al. 2010). 
In this study, the shear-span-to-depth ratio (a/d) varied from 1.5 to 3. Figure 6-17 shows 
the observed influence of a/d on the shear strength of the four tested specimens that had 
constant GFRP longitudinal- and spiral-reinforcement ratios. This figure also provides 
the predicted strengths for these specimens, given the sectional models according to CSA 
S806-12, CSA S6-14 and for specimens ACI 440.1R-15 with a/d ≥ 2.0. Moreover, CSA 
S806-12’s strut-and-tie model was used to predict the shear strength of the tested 
specimens with a/d ≤ 2.0. The details of these models will be discussed in the following 
section. The figure indicates that the experimental and predicted shear strength of the 
longer specimens was not significantly affected by a/d, whereas that of shorter specimens 
increased greatly as a/d decreased. As is evident from Figure 6-17, the specimen with a/d 
of 1.5 was 2.2 times stronger than slender specimen with a/d of 2.6. Decreasing the a/d 
from 3 to 2.6 insignificantly increased the shear strength by 3%. For the specimens in the 
plot, the transition from strut action to beam action occurred at a/d greater than 2 and less 
than approximately 2.5. In this zone, the beam action and arch action contributed to the 
overall shear resistance of the specimens. The test results indicated that a 21% 
enhancement in the shear strength was observed by decreasing a/d from 2.6 to 2.0 as a 
result from the contribution of arch action. Figure 6-17 indicates that only S806-12’s 
sectional model accounts for this transition. This is attributed to the fact that S806-12 
includes a factor (
ak ) to consider the shear resistance enhancement ( cfV ) by arch effect 
Chapter 6 – Shear Behavior of Circular Concrete Members Reinforced with GFRP Bars 
and Spirals at Shear-Span-to-Depth Ratios between 1.5 and 3.0  
 
174 
  
for members with a/d ≤ 2.5 (see Table 6-1). In contrast, ACI 440 and S6 sectional models 
do not account for this transition, as shown in Figure 6-17. 
 
Figure ‎6-17: Influence of a/d on shear strength 
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6.6 Theoretical Shear Strength 
In this section, the available FRP shear design provisions for slender and deep flexural 
members are assessed for the nominal shear strength of the tested circular concrete 
specimens with shear-span-to-depth ratios between 1.5 and 3. The sectional models and 
strut-and-tie model were applied to determine the expected nominal shear capacity (Vr ) 
for the tested specimens with a/d > 2.5 and a/d < 2.5, respectively. 
6.6.1 Sectional Models 
For flexural members with a/d > 2.5, FRP design codes and standards consider that a 
portion of the nominal shear resistance Vr, is carried by concrete shear-resisting 
mechanisms Vcf, with the remainder Vsf carried by truss mechanisms involving transverse 
reinforcement (the reinforcement contribution). To investigate the effect of the GFRP-
spiral-reinforcement ratio on the design equation, the shear capacities of the tested 
specimens were assessed theoretically using the sectional models in ACI 440.1R, CSA 
S806, CSA S6, and JSCE. Table 6-4 summarizes the shear design provisions of each 
code and design guideline. ACI  440.1R and CSA S6-14 recommends that the effective 
strain in FRP shear reinforcement not exceed 0.004, nor should the design strength 
exceed the strength of the bent portion of the stirrup ffu bent. The value of 0.004 is justified 
as the strain that prevents degradation of aggregate interlock and corresponding concrete 
shear (Priestley et al. 1994). ACI 440.1R, CSA S6-14, and JSCE provide design 
equations (Eqns. 6-4, 6-13, and 6-19, respectively, as shown in Table 6-1) for the bend 
capacity of the FRP stirrup, which is a function of the ratio of the bend radius, rb, to bar 
diameter, db. CSA S806 limits the maximum tensile stress in FRP shear reinforcement to 
be taken as the smaller of 0.005 vE , 40% of the ultimate longitudinal tensile strength of 
the FRP stirrup (0.4ffu), or 1200 MPa, irrespective of rb/db. None of the aforementioned 
codes or guidelines specifically address the assessment of circular elements reinforced 
with FRP spirals. The shear design parameters such as effective shear depth and width 
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and the strength and strain limitation for FRP spirals are not defined. In the calculation, 
the approach proposed in AASHTO LRFD Bridge Design Specifications (2012) has been 
used to estimate the effective shear area of circular members, where the depth d was 
taken as equal to d (Eq. 6-23), then dv = 0.9 d, and bw was taken as the diameter of the 
circular cross section. 
Table ‎6-4: Predicted shear strength of test specimens 
Specimen 
ID 
ACI 
440.1R  
CSA-S6-
14 
CSA-
S806-12 
 JSCE 
(1997) 
Response 
2000 
Strut-Tie 
Model   
CSA-
S806-12    
Proposed 
Method 
Vexp/Vpred Vexp/Vpred Vexp/Vpred Vexp/Vpred Vexp/Vpred Vexp/Vpred Vexp/Vpred 
B3.0-S0.35 1.99 1.9 1.74 2.88 1.17 -- -- 
B2.6-S0.26 2.23 2.1 1.58 2.79 1.01 -- -- 
B2.6-S0.35 2.06 2.0 1.60 2.97 1.03 -- -- 
B2.6-S0.53 1.82 1.8 1.55 3.35 1.18 -- -- 
Average
*
 2.02 1.96 1.61 2.99 1.09 -- -- 
SD
*
 0.18 0.12 0.08 0.25 0.09 -- -- 
COV 8.40 6.6 5.2 8.2 8.20 -- -- 
B2.0-S0.35 2.50 2.4 1.60 3.60 0.99 1.69 1.3 
B1.5-S0.35 4.53 4.4 4.56 6.53 1.26 1.82 1.5 
Average 3.51 3.4 1.76 5.01 1.12 1.75 1.4 
SD 1.44 1.42 0.14 2.10 0.20 0.10 0.15 
COV 40.8 41.6 8.30 40.9 17.0 5.24 10.1 
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2
rDDd

                                                                                                       Equation 6-23    
Table 6-4 presents the statistical results related to the ratio between the experimental and 
the theoretical ultimate shear force, Vexp/Vpred. The average of Vexp/Vpred is directly related 
to accuracy. The analysis results indicate that the four methods investigated provided 
average ratios greater than 1.0. Table 6-4 indicates that Vexp/Vpred is higher for specimens 
with low shear-reinforcement ratios than with high values. The CSA S806 method 
provided the closest predictions with a mean value equal to 1.61, followed by CSA S6-14 
and ACI 440.1R, with mean values equal to 1.96 and 2.02, respectively. On the other 
hand, the JSCE method greatly underestimated the shear strength of the test specimens, 
with an average Vexp/Vpred closer to 3.0. This excessive level of conservatism is relevant to 
the concept in calculating the FRP-stirrup strain (εfv) at ultimate, which is limited to the 
lesser of the FRP-stirrup bend strength or the value obtained with Eq. (6-19). Equation 
(6-19) provides very low strain values at ultimate, ranging between 0.0007 and 0.001, 
with an average value of 0.0009. On the other hand, the analysis results indicate that the 
ACI 440.1R, CSA S6-14, and JSCE design equations (Eqns. 6-4, 6-13, and 6-19, 
respectively) for bend strength are not appropriate for representing the strength of GFRP 
spirals. This was evident since these equations significantly overestimated the effective 
spiral stresses at failure. It was mentioned above that the 0.4 fuf  stress limit was closer to 
the average test results, and that 0.005Ev provides the lower limit for the attained stress in 
the spirals.  
On the other hand, Table 6-4 confirms the unsuitability of the sectional models in 
predicting the nominal shear capacities for shear-span-to-depth ratios less than than 2.5, 
except for S806-12, which conservatively predicted the strength of specimens with a/d of 
2 and 1.5. As mentioned before, this can be attributed to the included factor (ka) that takes 
arch action into consideration. 
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6.6.2 Strut-and-Tie Model 
Strut-and-tie modeling is a generalization of the truss analogy in which a structural 
continuum is transformed into a discrete truss with compressive forces being resisted by 
the concrete and tensile forces by the reinforcement. The method is based on the lower-
bound theorem of plasticity, providing capacity less than or equal to the structure’s 
capacity. Over the last two decades, several researchers have conducted studies aimed at 
assessing the strength of concrete struts for use in strut-and-tie models. Generally, the 
approach has been to lump the effect of strut stress and strain conditions, reinforcement 
details, concrete strength, and uncertainties in the truss model into a single factor, 
commonly referred to as the efficiency factor or, more recently, as the strength reduction 
factor for the concrete strut. ACI 318-14 (Building Code Requirements for Structural 
Concrete and Commentary) and bridge design specifications (AASHTO LRFD Bridge 
Design Specifications 2012), adopted the use of strut-and-tie modeling in 2002 and 1994, 
respectively. 
Based on the lower-bound theory of plasticity, the capacity of an STM is always less than 
or equal to the capacity of the structure provided that (1) the truss model is in 
equilibrium; (2) sufficient deformation capacity exists to distribute forces within the 
assumed truss model; and (3) stresses applied to elements do not exceed their yield 
capacity. The yield capacity of a strut or node is equal to the effective compressive 
strength of the concrete within the strut or at the interface between the strut and node. A 
tie’s yield capacity is equal to the lesser of the reinforcement tensile strength or the force 
that causes a loss of anchorage. 
Although the application of the plasticity theory to materials of limited ductility, such as 
concrete, are limited in terms of plastic idealization, current STMs successfully predict 
the ultimate strength of concrete members reinforced with either steel or FRP bars 
(Andermatt and Lubell 2013a and b; Farghaly and Benmokrane 2014;  Kim et al. 2014) 
by adopting the concept of the effective strength of concrete for a strut and node in the 
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strut-and-tie model (Hong and Ha 2012; ACI 318-14; CAN/CSA S806-12; AASHTO 
LRFD 2012). The plastic distribution of stresses in the concrete requires that the tie be 
able to resist the concomitant tension and allow sufficient deformation for the plastic 
state of stress to develop in the concrete. In general, large deformations will not develop 
before the yielding of the steel bars. In the case of GFRP bars, which can easily undergo 
maximum strain from 6 to 9 times greater than the steel’s yield strain, the concrete can 
easily reach its plastic state before failure. In fact, the maximum strain in the GFRP tie 
may be larger than the maximum strain in the steel at failure. Consequently, the notion 
that the tie material experiences plastic deformation is not essential to satisfy the lower-
bound theorem of plasticity. Moreover, arch action was reported to be more efficient in 
the specimens reinforced with FRP than with steel. It was indicated that more bond 
slippage could occur with FRP reinforcement compared to steel since the FRP was sand 
coated, producing a more efficient arch mechanism (El-Sayed 2006; Andermatt and 
Lubell 2010). Andermatt and Lubell (2013b) presented test data for 12 large-scale deep 
beams with internal FRP reinforcement that confirmed the presence of arch action. Then, 
a strut-and-tie modeling approach was developed for use in predicting the capacity of 
FRP-reinforced deep beams through mechanic-based modifications to existing STMs 
applicable to steel-reinforced concrete construction (Andermatt and Lubell 2013b). 
Recently, the strut-and-tie model was implemented in CSA S806 2012 for designing FRP 
RC members with low a/d values. This method is similar to the provisions in CSA 
A23.3-14 (CSA 2014), CSA S6-14 (CSA 2014), and AASHTO LRFD Bridge Design 
Specifications (2012) for steel reinforcement. A strength reduction factor ν ≤ 1.0 for the 
strength of a concrete strut is introduced. Designing with the CSA S806-12 strut-and-tie 
model requires an orthogonal grid of reinforcing bars near each face for deep flexural 
members. For GFRP, the ratio of reinforcement area to gross concrete area shall be not 
less than 0.004 in each direction. The spacing of this reinforcement shall not exceed 200 
mm for GFRP bars. If located within the tie, the crack-control reinforcement may also be 
considered as tie reinforcement.  
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The strut-and-tie model of CSA S806-12 was used to predict the nominal shear strength 
for the two specimens that were tested with a/d of 1.5 and 2.0. The ratio and spacing of 
GFRP orthogonal reinforcement (longitudinal and spiral) for both specimens are within 
CSA S806-12’s strut-and-tie design requirements (Clause 8.5.5: crack-control 
reinforcement). The predicted capacity was based on the achieved stresses of: (1) tensile 
stress of tie (longitudinal bars), (2) nodal stress at support and loading point, and (3) 
stress in the diagonal strut. Iterative process was conducted to determine the critical stress 
of the above three limit stresses. Once one of those three stresses was achieved, the 
assumed load was considered to be the predicted ultimate load capacity. So, the predicted 
loads are representing the lower bound solution (as the stresses on the other two items did 
not reach their limits). It should be emphasized that the lower-bound theorem only 
requires the assumption of a statically admissible stress field and, in that sense, the 
conventional elastic analysis satisfies the lower-bound theorem. In the case of the deep 
beams herein, we believe that the concrete stresses assumed to be in the nodal zones, the 
upper chord, and the diagonal struts will be achieved in GFRP-reinforced deep beams due 
to the large strain capacity of GFRP reinforcement. Finally, it is important to emphasize 
that CSA S806-12 assumes that the assumed plastic stress distribution in the case of FRP-
reinforced concrete deep beams can only be satisfied if failure is not initiated by the FRP 
tie (longitudinal reinforcement), and this is the case in the test results for the two 
specimens with a/d ≤ 2. Table 6-1 includes the strut-and-tie design equations from CSA 
S806-12. Moreover, Figure 6-18 describes the strut-and-tie model using a simple 
idealization of the strut shape. 
The analysis results indicate that the strut-and-tie model prediction (VSTM) is quite 
conservative for a/d < 2.5, with an average Vexp/Vpred closer to 1.75. The high degree of 
conservatism does not justify the accuracy. This could be attributed to the fact that the 
CSA S806-12 strut-and-tie predictions do not consider the shear strength contributed by 
the shear reinforcement (GFRP spirals), whereas the observed failure modes of these 
specimens were a combination of strut crushing and rupture of GFRP spirals. The 
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nominal capacities (Vr) were re-estimated considering the GFRP-spiral contribution (Vsf ) 
using the CSA S806-12 design equation (Table 6-1) as follows:  
Vr = VSTM + Vsf                                                                                                 Equation 6-24                                                   
Table 6-4 presents the Vexp/Vpred values for CSA S806-12 using the proposed design 
equation (6-24). The proposed equation seems to give better predictions than the strut-
and-tie equation. Table 6-4 indicates that Vexp/Vpred is higher for specimens with low a/d 
ratios (1.5) rather than high (2). This modification yields a more reasonable estimate of 
the shear capacity and yet was conservative for both specimens tested in this 
investigation, since the average experimental shear strength over the predicted value was 
1.4 with a coefficient of variation of 11.8% and a standard deviation of 0.17 when using 
Equation (6-24). 
  
Figure ‎6-18: Description of the strut-and-tie model using a simple idealization of the 
strut shape 
6.6.3 Shear Strength Predication Using Modified Comparison 
Field Theory (MCFT) 
A shear model based on the modified compression field theory was applied with 
Response 2000 (R2K) software, which can be used to assess the shear strength of 
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concrete cross sections with a wide range of geometries (Bentz 2000). Response 2000 can 
make shear-strength predictions for sections that cannot be easily modeled with such 
traditional methods such as circular beams and columns with spirals. Furthermore, it 
provides detailed output or results, including concrete and reinforcement stresses and 
strains, shear on cracks, concrete angle of principle compression, crack spacing at all 
layers, load deformation plots, and shear-moment interaction diagrams. 
In this study, the full-member response method in Response 2000 was implemented to 
predict the behavior of the tested circular specimens. When the FRP-spiral reinforcement 
was defined in Response 2000, ffv was defined as the governing spiral stress, which was 
taken as 0.4ffu. Table 6-4 provides the comparison between the experimental and 
predicted values. The average value of Vexp/Vpred for specimens with a/d > 2.5 is 1.09, 
with a standard deviation and coefficient of variation equal to 0.09 and 8.2%, 
respectively. The corresponding values for specimens with a/d of 2 and 1.5 were 1.12, 
0.2, and 17.0, respectively. It can be seen that the predicted shear strengths of the tested 
specimens are reasonably accurate but less conservative for the design issue. 
Figure 6-19 shows the predicted shear–strain distribution along the shear span at the mid-
depth of the cross section of the tested specimens. It can be seen that the average strain 
over the length of shear span is not uniform, and the strain increased linearly from the left 
(at support). It may be expected that the strain would be constant as the shear diagram is 
linear, but this was not the case due to concrete nonlinearity. The maximum shear–strain 
at different a/d occurred at a distance from the support such as 0.5D, 0.71D, 0.96D, and 
1.34D for specimens B1.5-S0.35, B2.0-S0.35, B2.6-S0.35, and B3.0-S0.35, respectively. 
These distances are approximately close to the mid-shear span. In addition, the results of 
the analysis (MCFT) indicate that the higher shear strain occurred in B1.5-S0.35 and 
B2.0-S0.35. This can be attributed to tension developing in the compression chord due to 
the compression force in the strut. Figure 6-19 also shows that B2.6-S0.26, with a lower 
shear-reinforcement ratio, exhibited higher shear strain than the specimens with higher 
shear reinforcement (B2.6-S0.35 and B2.6-S0.53). This can be attributed to the fact that 
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increasing the spiral-reinforcement ratio constrained the cracked concrete core and 
enhanced the shear capacity by confining the concrete cross section. 
 
Figure ‎6-19: Shear strain along shear span by Response 2000  
6.7 Conclusions 
This paper presented tests that were performed to investigate the shear behavior of 
circular concrete specimens reinforced with GFRP bars and spirals. A total of six full-
scale RC specimens were prepared to study the effect of the spiral-reinforcement ratio 
and shear-span-to-depth ratio ( / )a d . Based on the experimental test results and analysis 
presented in this paper, the following conclusions can be drawn: 
1. The mode of failure was mainly affected by the shear-span-to-depth ratio a/d, 
rather than the GFRP-spiral-reinforcement ratio; flexural-shear failure for 
specimens with a/d = 3, GFRP-spiral rupture shear for specimens with a/d = 2.6, 
and strut crushing combined with spiral rupture for specimens with a/d <2.5. 
2. The shear strength of GFRP-RC circular specimens with /a d ≤ 2.0 is 
significantly dependent on the arch action. In contrast, specimens with /a d  ≥ 2.5 
are dominated by beam action and the effect of /a d was insignificant.  
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3. For GFRP-RC circular specimens, the transition from strut action to beam action 
occurred at a/d greater than 2 and less than approximately 2.5. In this zone, the 
beam action and arch action contributed to the overall shear resistance of the 
specimens.   
4. The presence of GFRP spirals in the circular specimens enhances the concrete 
contribution after the formation of the first shear crack. Moreover, increasing the 
spirals reinforcement ratio from 0.26 to 0.53 % increased the shear resistance by 
30.7 % due to the confinement of concrete by spirals which controls the shear 
cracks and improves the aggregate interlocking. 
5. The result of this study indicated that, the shear strength increased significantly 
with decreasing the a/d ratio, where the shear strength increased by 21.4 % and 
120 % with decreasing /a d  ratio by 25 % and 42 %, respectively.   
6. While the sectional shear models in ACI 440.1R, CSA S806, CSA S6, and JSCE 
1997 can be used to predict the shear strength of GFRP-RC circular specimens at 
a/d > 2.5, these equations provided overly conservative predictions. The CSA 
S806 model provided the most accurate predictions. 
7. The test results revealed that the 0.4ffu spiral stress limit is closer to the test results 
of circular specimens, and that 0.004Ev or 0.005 Ev strain limit provides the lower 
limit for the attained stress in spirals. 
8. The CSA S806-12 sectional model accounts for the transition in shear mechanism 
from beam action to arch action for specimens with specimens at 2.0 ≤ a/d ≤ 2.5. 
9. The S806-12 strut-and-tie predictions underestimate the beneficial effect of 
adding GFRP spiral for circular specimens at a/d  < 2.0. A proposed modification 
was introduced to consider Vsf in the design equation. 
10. Response-2000 software, which is based on the modified compression field 
theory (MCFT), provided good predictions of the shear strength with an average 
value of Vexp/Vpred equal to 1.09 and 1.12 for specimens with a/d >2.5 and a/d ≤ 
2.0, respectively. 
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CHAPTER 7                       
BEHAVIOR OF CIRCULAR CONCRETE 
MEMBERS REINFORCED WITH CARBON 
FRP BARS AND SPIRALS UNDER SHEAR 
7.1 Preface 
7.1.1 Journal 
Journal Title:  ASCE Journal of Composites for Construction. 
Submittal/Acceptance Date: Submitted January 31
th
, 2016   
Acceptance Status: Accepted April, 2016. 
7.1.2 Contribution in thesis:  
In this chapter, the behavior of the circular members reinforced with CFRP bars and 
spirals is investigated. The test results and analysis discussion of each parameter is 
represented in this chapter.  
7.2 Abstract 
Considerable research in recent years has exclusively considered concrete members with 
rectangular cross sections in developing fiber-reinforced-polymer (FRP) shear design 
provisions. Although there is no evidence that these provisions do not apply equally well 
to nonrectangular sections, the behavior of circular sections has yet to be confirmed with 
experimental results. This paper reports experimental data about the shear strength of 
circular concrete members reinforced with carbon-FRP (CFRP) bars and spirals. A total 
Chapter 7– Behavior of Circular Concrete Members Reinforced with Carbon-FRP Bars 
and Spirals under Shear   
 
186 
  
of five full-scale concrete specimens with a total length of 3,000 mm and 500 mm in 
diameter were constructed and tested up to failure. The test parameters included the type 
of reinforcement (CFRP versus steel) and the ratio of shear reinforcement (spiral 
spacing). The investigation revealed that the specimens reinforced with CFRP bars and 
spirals exhibited high load-carrying capacity and performance comparable to that the 
control specimen reinforced with steel. The experimental shear strengths of the CFRP-
reinforced concrete specimens were compared to theoretical predictions provided by 
current codes and design guidelines. The comparison indicated that some of the available 
design methods provide reasonable predictions. A more precise formula for the shear 
strength Vsf was, however, proposed to account for the mechanical properties and 
geometry of CFRP spirals. The proposed equation provided more reasonably accurate 
and conservative predictions. 
7.3 Introduction 
Reinforced-concrete (RC) members of circular section are often used in bridges and 
marine structures as piers, piles, and fenders. Since they have high moments of inertia 
and equal strength characteristics in all directions, they can perform well under vertical 
and lateral loads. Shear forces caused by a range of factors from trafﬁc, wind, and 
earthquakes to waves and vessel impact are critical issues to be considered in designing 
these members. On the other hand, the corrosion of steel reinforcing bars, stirrups, and 
spirals exposed to deicing salts and/or aggressive environments stands out as a significant 
factor, which limits the life expectancy of these members and leads to costly repairs and 
rehabilitation (Benmokrane et al. 2015). Estimates indicate that the United States spends 
billions of dollars annually to repair and replace bridge substructures such as piers 
($2 billion), and marine piling systems ($1 billion) (NACE International). In addition, the 
United States Federal Highway Administration (FHWA) estimates that eliminating the 
nation’s bridge deficient backlog by 2028 would require an investment of $20.5 billion 
annually because of corroded steel and steel reinforcement. Problems related to expansive 
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corrosion could be resolved by protecting the steel reinforcing bars from corrosion-
causing agents or by using noncorrosive materials such as fiber-reinforced-polymer 
(FRP) bars (Mohamed and Benmokrane 2014; Mohamed and Benmokrane 2015a). 
Recent years have seen valuable research work on and widespread applications of FRP 
bars and stirrups as flexural and shear reinforcement, respectively, for concrete structures. 
Accordingly, AASHTO LRFD Bridge Design Specifications and the Canadian Highway 
Bridge Design Code provide flexural and shear provisions for the design of concrete 
bridge members reinforced with FRP bars and stirrups. Due to a lack of research, these 
standards do not provide specific formulae for circular RC members designed with FRP 
bars and spirals under shear loads. 
In the last decade, considerable experimental research work has been conducted to 
quantify the shear strength of concrete members reinforced with FRP bars and stirrups. 
The experimental work has focused mainly on beams of rectangular section and glass-
FRP (GFRP) bars and stirrups (Razaqpur and Spadea 2015; Ahmed et al. 2010a; El-
Sayed and Benmokrane 2008; Fico et al. 2008; Shehata et al. 2000). Moreover, limited 
research has addressed beams with carbon-FRP (CFRP) reinforcement (Ahmed et al. 
2010b; Mohamed and Benmokrane 2015a; Mohamed et al. 2014). Accordingly, several 
guidelines and standards have been published, including design equations for assessing 
total shear resistance (Vr): ACI 440-1R (2015), CSA S806-12 (2012), CSA S6-14 (2014), 
and JSCE (1997). They all follow the traditional Vcf + Vsf philosophy, but differ 
significantly in the manner in which they estimate the contributions of concrete (Vcf) and 
diagonal tension reinforcement (Vsf) to the total shear resistance (Vr). Yet no research 
seems to have assessed circular concrete members reinforced with CFRP bars and spirals 
under shear loads.  
Research into the shear behavior of FRP RC members has indicated that the fundamental 
shear behavior of FRP RC beams was similar to that of steel-reinforced concrete beams, 
despite the brittle nature of the reinforcement (Bentz et al. 2010; Hoult et al. 2008). The 
concrete contribution to the shear resistance of the FRP RC section Vcf generally 
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represents the shear resisted by the uncracked concrete, aggregate interlock, and dowel-
action mechanisms. The level of contribution of these mechanisms depends on crack 
width, which is a function of the strain in the tension reinforcement and crack spacing 
(MacGregor and Wight 2005). On the other hand, the shear strength (Vsf) in FRP design 
standards is based on a certain limitation to account for the strength capacities of FRP 
stirrups using the same basic relationship as for steel RC members. In general, the tensile 
strength of FRP stirrups is lower than that of regular straight FRP bars due to the 
significant reduction in tensile strength at the bent portions, as a result of the 
unidirectional characteristics of the FRP material (ACI 440.1R-15). The reduced strength 
of the bent portion of FRP stirrups is attributed to the kinking of the innermost fibers 
compared to those at the outermost radius due to curvature combined with the intrinsic 
weakness of fibers perpendicular to their axis (Ahmed et al. 2010). The bend capacity of 
FRP stirrups is influenced by the bending process, bend radius (rb), bar diameter (db), and 
type of reinforcing fibers (ACI 440.1R-15). Nowadays, the B.5 test method is the 
standard for determining the bend strength capacity of FRP stirrups for use in design. 
Nonetheless, neither the behavior nor a standard test method for FRP spirals under tensile 
axial loading have yet been defined. The strength capacity of FRP spirals could be 
influenced by the bending process, radius, bar diameter (db), and spiral stretching process 
to adjust the pitch.  
7.4 A review on Shear Behavior of Circular RC 
Members 
Reinforced concrete members of circular cross section are used frequently in practice. 
Despite this fact, only limited research on the shear behavior of such structural members 
has been published (Jensen et al. 2010, Ali et al. 2013). Furthermore, codes and standards 
do not usually propose specific formulations for assessing the shear strength of such 
structural types or, if they do, they do so in a very simplified manner (Turmo et al. 2009). 
A review of the literature shows that the amount of work done on members with circular 
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sections is very limited compared to the large number of shear tests on members with 
rectangular sections. Capon and De Cossiso (1965) conducted some of the earliest shear 
tests on 21 circular RC members (diameters ranging from 150 mm to 250 mm) following 
the earthquakes in Mexico City (1957) and Coatzacoalcos-Jaltipan (1959), in which a 
large number of circular beam-columns were found to have failed in shear. Eleven of the 
specimens were reported as failing in shear: two with stirrups and nine without. It was 
found that the percentage of longitudinal reinforcement had a greater influence on shear 
capacity than Vd/M (shear force divided by moment). Furthermore, the greater the 
distance between the layers of steel bars, the lower the inclined cracking load. This can 
be attributed to the fact that the longitudinal bars create an effect similar to stirrups, as 
cracking occurs in small stages between the bars, combining to form a larger crack across 
the section. Capon and De Cossiso (1965) concluded that the prediction of bending 
capacity using the rectangular stress distribution leads to conservative results. Moreover, 
they indicated that the shear strength of the specimens tested was deemed to be primarily 
dependent on the concrete strength and cross-sectional area, with longitudinal steel 
percentage being less important. Khalifa and Collins 1981 tested five specimens, all 445 
mm in diameter, subjected to an axial load of 1000 kN, equivalent to a stress of 6.4 MPa. 
All of the specimens failed in shear. 
In 1993, Clarke and Bijandi—working with the British Cement Association (BCA)—
developed one of the largest bases of experimental data on shear for circular RC 
members. The project involved the testing of 50 specimens to study significant variables 
(concrete strength, amount of tensile reinforcement, amount and type of shear 
reinforcement, effect of axial load, and specimen size) in order to develop a suitable 
design method for inclusion in codes of practice. Three different diameters were tested: 
152 mm, 300 mm, and 500 mm. Based on the analysis of experimental results, Clarke 
and Bijandi concluded that the shear capacity of circular cross sections may be 
determined using the approaches for rectangular sections given in BS8110 or BS5400, 
with four modifications in estimating the area of tension reinforcement; effective depth d; 
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effective shear area; and area of spiral reinforcement. The effective depth d was defined 
taken as the distance from the extreme compression fiber to the centroid of the tension 
reinforcement. It was stated that the term bwd should be taken as the area of concrete 
from the extreme compression fiber down to the depth d. This removes the difficulties of 
defining the breadth bw, which, if taken as the section diameter, can lead to an effective 
shear area that is greater than the gross cross-sectional area. For pile applications, 
Feltham (2004) mentioned that the orientation of the cages relative to the applied 
shearing force is usually unknown. Therefore, Equation (7-1) was proposed for the 
effective depth, which can disregard the plan layout of the longitudinal bars (see Figure 
7-1). 
1(1 sin )d r    where 1 1sin 2 ; 0 2sr r         
(Feltham 2004)        Equation ‎7-1 
Later, in 2012, AASHTO LRFD Bridge Design Specifications included Equation (7-1). 
On the other hand, shear tests of members with circular sections indicate that the 
effective area can be taken as the gross area of the section or as an equivalent rectangular 
area (Joint ACI-ASCE Committee 426 1973; Faradji and Diaz de Cossio 1965; Khalifa 
and Collins 1981). Based on that, ACI 318 stated that, in calculating Vc and Vs in solid, 
circular sections, d shall be permitted to be taken as 0.8 times the diameter (D) and bw 
shall be permitted to be taken as the diameter. Merta and Kolbitsch (2006) stated that, 
according to ACI 318, the effective shear area is 0.8D
2
 = 1.02 Ag , where Ag is the section 
gross area, and consequently the effective shear area exceeds the section gross area. 
Priestley et al. 1994 and Ang et al. 1989 suggested taking 0.8Ag for the effective shear 
area, which approximately corresponds to the area of the confined concrete core. Merta 
and Kolbitsch (2006) proposed an equation for the effective shear area of RC circular 
sections based on an analytical derivation, providing a value of 0.7Ag for design purposes. 
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Figure ‎7-1: Illustration of terms bw, dv, and d for circular sections 
Recently, Orr et al. (2010) provided a logical extension to the Eurocode model for shear, 
which is confidently applied to rectangular sections, for the design of circular sections. 
They used experimental and theoretical data   to asses and extend the Eurocode variable 
angle truss model for shear design to circular members. In North America, the 
department-of-transportation (DOT) manuals prefer continuous spiral reinforcement over 
discrete hoop reinforcement for specific applications. Spiral reinforcement increases 
confinement and rebar–cage stability relative to discrete hoops, which is critical for 
seismic design, since it depends on this extra ductility. Continuous spiral reinforcement 
requires fewer anchorages than discrete hoops, which minimizes the probability of 
pullout failure. To date, no experimental research concerning the shear behavior of 
circular concrete members reinforced with FRP bars and spirals has been reported. 
Accordingly, research is needed on the shear behavior of circular concrete members 
reinforced with FRP bars and spirals. The extrapolation of test results and proposed 
design equations for shear in rectangular FRP-reinforced-concrete sections should be 
verified. It is important to examine the validity of these equations and to determine 
whether certain modifications should be introduced in order to make them suitable for 
circular concrete members reinforced with FRP spirals. This paper reports the test results 
of circular concrete members reinforced internally with CFRP reinforcement (bars and 
spirals) under shear loads.  
r 
rs 
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7.5 Experimental Work 
7.5.1 Carbon FRP bars and Spirals  
Sand-coated CFRP bars and newly developed CFRP spirals were used to reinforce the 
CFRP RC specimens in the longitudinal and transverse directions, respectively. The 
CFRP longitudinal bars and spirals were made of continuous high strength carbon fibers 
impregnated in a thermosetting vinyl-ester resin, additives, and fillers (Pultrall Inc. 2012). 
The CFRP reinforcement had a sand-coated surface to enhance bond performance 
between the bars and the surrounding concrete. No. 5 (15.9 mm) CFRP bars were used as 
longitudinal reinforcement for all the CFRP-RC specimens. No. 4 (12.7 mm), CFRP 
spiral reinforcements were used as spirals in the transverse direction. Tables 7-1 and 2 
provide the guaranteed properties of these bars and spirals, as reported by the 
manufacturer. In addition, the bent tensile strength ( ,fu bentf ) was calculated according to 
ACI 440.1R-15 and CSA-S6-14 design equations for the bend strength of FRP bent bars.  
7.5.2 Steel Reinforcement 
Grade 60 steel bars were used to reinforce the steel-reinforced control specimen. 
Deformed #6 (20 mm) and #4 (13 mm) steel bars were used as longitudinal and spiral 
reinforcement, respectively. Table 7-1 shows the mechanical properties of the steel bars.  
7.5.3 Test Matrix and Specimen Preparation 
In this study, five full-scale circular RC specimens were prepared and tested under 
monotonically increasing shear load. They included three RC specimens reinforced with 
CFRP bars and spirals, one with only longitudinal CFRP bars, and one with steel bars and 
spirals. Figure 7-2 shows the dimensions, various configurations, and reinforcement 
details of the test specimens. Each specimen was simply supported over a 2,400 mm span 
and had a total length of 3,000 mm, an equivalent effective flexural depth ( d ) of 377 
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mm, an equivalent effective shear depth (dv=0.9d) of 340 mm, and a diameter of 500 mm. 
The equivalent effective depths were estimated based on the shear provisions (Clause 
5.8.2.9) in the 2012 edition of the AASHTO LRFD Bridge Design Specifications.  
Table 7-2 provides the test matrix and reinforcement details of the specimens. Each 
specimen’s code was identified with letters and numbers. The letter B refers to beam 
specimen. The letters C and S identify specimens as being reinforced totally with CFRP 
or steel reinforcement, respectively. The numbers 100, 150, and 200 represent the spiral 
spacing in mm. All the CFRP-reinforced specimens were reinforced longitudinally with 
16 #5 CFRP bars. As shown in Table 7-2, the effect of CFRP-spiral-reinforcement ratio 
was investigated using #4 spiral at a spacing of 100, 150, 200 mm. The control steel 
specimen was reinforced longitudinally with 10 M20 deformed steel bars and deformed 
#4 steel spirals. 
 
Figure ‎7-2: Dimensions and reinforcement details of the test specimens 
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Table ‎7-1: Mechanical properties of the CFRP and steel reinforcement 
Bar Size 
 
Diameter 
(mm) 
Area 
(mm
2
) 
Elastic Tensile Modulus 
(GPa) 
Tensile Strength 
(MPa) 
CFRP Bars 
#5 15.9 198 141 ffu = 1679 
Steel Bars 
#6 20 300 200 fy = 460 
#4 13 129 200 fy = 420 
CFRP Spirals 
#4 12.7 127 124.4 
ffu,         =1562 
ffu, bent = 774
a
 
ffu, bent = 1562
b
 
ffu, bent = 1173
c
 
Note: a: Manufacturer (according to ACI 440 B.5 Test Method); b: ACI 440; c: S6-14; ffu 
= Guaranteed tensile strength of the straight portion of bent bars; ffu, bent = Guaranteed 
tensile strength at the bent portion. 
7.5.4 Specimen Fabrication Details 
CFRP and steel cages were assembled for the various specimen configurations. The clear 
concrete cover was kept constant at 40 mm. The circular specimens were prepared for 
casting in very stiff Sonotubes. Wooden plugs were used to seal the ends. The Sonotubes 
were placed in an inclined position, as shown in Figure 7-3, and the concrete was cast 
from the top. External and internal vibration was used. Figure 7-3 illustrates the 
fabrication process before and after casting. 
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Figure ‎7-3: Fabrication and preparation of the circular specimens: (a) overview of the 
assembled CFRP cages; (b) formwork and Sonatubes (c) circular specimens 
Table ‎7-2: Test matrix, specimen details and summary of test results 
Specimen 
ID 
cf   
(MPa) 
Reinforcement Shear 
cracking 
load                    
Vcr (kN) 
Failure 
Load  
(kN) 
(2 Vu exp) 
(θ°) 
Mode 
of 
failure Type Longitudinal Spiral 
BC 36.7 CFRP 16#5 --- 168 501.2 43.7 DT 
BC-200 36.7 CFRP 16#5 #4@200 mm 170 868.0 46.0 CR 
BC-150 36.7 CFRP 16#5 #4@150 mm 173 1009.7 49.9 CR 
BC-100 36.7 CFRP 16#5 #4@100 mm 174 1272.2 49.8 CR 
BS-150 37.6 Steel 10#6 #4@150 mm 178 788.6 45.5 FC 
(a) 
 
 
(b) 
 
(c) 
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Note: CR = CFRP stirrup rupture, DT =Diagonal tension, FC = Flexural-compression, θ° 
= angle of major shear crack, Ultimate shear Vu exp =0.5xFailure Load, fv fv wA sb  . 
7.5.5 Instrumentation and Test Setup  
Strains in the longitudinal reinforcing bars and spirals were measured using electrical-
resistance strain gauges with gauge lengths of 6 mm. In addition, three strain gauges with 
a gauge length of 60 mm were mounted on the concrete top surface at three different 
levels (D, D/8, and D/4) at the mid-span to measure compressive strains. Furthermore, 
three strain gauges were placed on each shear span to measure concrete diagonal strains 
at the mid-shear span. These strain gauges were installed at mid-depth (D/2) of the cross 
section. Specimen deflection was measured with three LVDTs placed at the mid-span and 
at mid-shear span. 
The test setup was designed and fabricated in the University of Sherbrooke’s structural 
laboratory. Steel saddles were designed to accommodate the circular geometry at the 
loading and support points. Rubber and aluminum sheets were used as an intermediate 
layer between the saddles and the test specimen to ensure a smooth, uniform distribution 
of the applied load at the loading point. Moreover, prior to specimen testing, a thin layer 
of high-strength cement grout was applied to the supports for leveling and to compensate 
for any geometrical imperfections in the saddles and specimens. The specimens were 
loaded in four-point bending, as shown in Figure 7-4, using a servo-controlled, hydraulic 
MTS actuator attached to a spreader beam. An automatic data-acquisition system 
monitored by a computer was used to record the readings of the LVDTs, load cells, and 
strain gauges.  
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Figure ‎7-4: Test setup 
7.6 Test Results and Discussion 
Table 7-2 summarizes the results obtained for all the circular specimens tested during this 
experimental program. The following sections present the effect of test parameters on the 
shear strength behavior of the CFRP RC circular specimens tested.  
7.6.1 Effect of Test Parameters on Load–Deflection Response 
This section presents the load–deflection curves for the tested specimens in two groups to 
show the effect of individual parameters on the shear behavior of circular RC specimens, 
as depicted in Figure 7-5 and 7-6. In general, the behavior of the CFRP RC specimens 
can be divided into two stages. In the first—the ―prior-to-flexural-cracking stage‖— all 
the specimens behaved similarly and approximately linearly. Specimen stiffness at this 
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stage was almost identical regardless of reinforcement type, representing the behavior of 
the uncracked member with the gross moment of inertia of the concrete cross section. 
After cracking, the concrete specimens reinforced with CFRP reinforcement behaved 
nearly linearly with reduced stiffness up to failure. This is attributed to the linear–elastic 
characteristics of the CFRP reinforcement. In contrast, Figure 7-5 provides the elastic–
plastic behavior of the steel-reinforced specimen (BS-150) and its eventual failure at 
large deflection. Specimen stiffness in this stage was highly dependent on the axial 
stiffness of the reinforcing bars, which seems to be a function of the area A and modulus 
of elasticity E of the tensile reinforcement. This is clearly apparent from Figure 7-5: the 
stiffness of the CFRP specimen (BC-150) was slightly lower than that of the steel 
specimen (BS-150), which were designed to have approximately the same flexural-
stiffness and same shear-reinforcement ratios. Three specimens (BC-100, BC-150, and 
BC-200) reinforced with #4 CFRP spirals were tested to study the effect of spiral 
spacing. The spacing of the spirals s for these specimens was within the CSA S806-12 
maximum spacing limit for transverse reinforcement (0.6dv cot θ or 400 mm), where 
Vd is the effective shear depth, taken as the greater of 0.9d (flexural depth) or 0.72h, 
(overall thickness). Specimen BC with no shear reinforcement, however, was introduced 
in the test matrix for comparison purposes. Figure 7-6 provides a comparison of the load–
deflection curves of these specimens, indicating that the ultimate shear strength increased 
as the spiral reinforcement ratio increased. The figures indicate that the postcracking 
flexural stiffness was independent of the shear-reinforcement ratio (spiral spacing). This 
is clearly apparent from Figure 7-6: the stiffness of the CFRP specimen (BC) with no 
spirals was similar to that the three specimens with #4. A small reduction in the stiffness 
was observed in specimen (BC) at the formation of the diagonal shear crack at a load 
level equal to 398 kN. This reduction is attributed to the absence of the shear 
reinforcement that tends to control crack opening and propagation. The presence of 
CFRP spirals in the other specimens contributed to the redistribution of internal stresses, 
forming a truss action in which the reinforcement acts as tensile links and the concrete 
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acts as compression diagonals. Increasing the shear-reinforcement ratio in specimen (BC-
100) helped maintain the stiffness up to higher load levels compared to the corresponding 
specimens with lower shear-reinforcement ratios (BC-150 and BC-200). 
 
Figure ‎7-5: Effect of reinforcement type on load-deflection behaviour 
 
Figure ‎7-6: Effect of spiral spacing on load-deflection behavior 
0
200
400
600
800
1000
1200
1400
0 10 20 30 40 50 60
L
o
a
d
 (
k
N
) 
Deflection (mm) 
    Diagonal Crack 
    CFRP Spiral Rupture 
    Flexural-Yielding 
    Flexural-crushing 
BS-150 
BC-150 
0
200
400
600
800
1000
1200
1400
0 20 40 60
L
o
a
d
 (
k
N
) 
Deflection (mm) 
     Diagonal Crack 
     CFRP Spiral Rupture 
     Diagonal Tension Failure 
BC-150 
BC-100 
BC-200 
BC 
First Spiral Rupture  
Second Spiral Rupture 
Spiral Rupture at Failure 
Chapter 7– Behavior of Circular Concrete Members Reinforced with Carbon-FRP Bars 
and Spirals under Shear   
 
200 
  
7.6.2 Crack Pattern and Modes of Failure  
Figure 7-7 provides the crack patterns at failure of all the tested specimens and the shear-
crack angles. In all of the specimens, flexural cracks first appeared between the two 
concentrated loads, where the flexural stress is highest and shear stress is zero. As 
loading increased, new flexural cracks formed in the shear spans, curving toward the 
loading points. Because the test specimens were designed to fail in shear, the ultimate 
shear strength of the specimens was governed by the CFRP spirals’ strength. 
Generally, it was observed that the specimen without spiral reinforcement (BC) suffered 
brittle shear failure with few visible diagonal shear cracks, as shown in Figure 7-8, 
whereas, specimens with CFRP spirals reached higher load levels and exhibited ductile 
shear failure with the formation of several diagonal cracks (Figure 7-9). The increase in 
shear resistance is attributable to the improved postcracking resistance of the spirally 
reinforced RC specimens, which results from the ability of the spirals to carry tensile 
forces across diagonal cracks. Failure occurred after the formation of two or more 
significant diagonal shear cracks near the mid shear span, leading to diagonal tension 
failure combined with rupture of CFRP spirals. Removing the concrete cover revealed the 
rupture of the CFRP spirals, with at least two of the CFRP spirals crossing a diagonal 
crack (see Figure 7-9c). The main difference in final crack patterns between the three 
specimens was the number and spacing of diagonal cracks that developed in the shear 
span: the higher the failure load, the greater the number of induced shear cracks. 
Specimen BS-150, however, failed after flexural yielding occurred first, followed by 
spiral yielding. The test was then terminated as the specimen suffered excessive concrete 
crushing at the mid-span, as shown in Figure 7-10. For this specimen, significant 
diagonal shear cracks were formed after spiral yielding. 
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Figure ‎7-7: Cracking pattern at failure 
 
Figure ‎7-8: Cracking pattern of CFRP specimen with no spirals 
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Figure ‎7-9: Cracking appearance of test specimen at different loading stages (BC-100): 
(a) 85% of the failure load; (b) immediately before CFRP-spiral rupture; (c) after CFRP-
spiral rupture and removing the concrete cover. 
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Figure ‎7-10: Cracking pattern of steel specimen 
7.6.3 Mid-Span Reinforcement Strains 
Figure 7-11 shows the measured applied load on the specimens versus the strain 
relationships for the internal CFRP and steel longitudinal bars. As shown in this figure, 
the strain was minimal in the longitudinal reinforcing bars of the CFRP- and steel-RC 
specimens until the concrete section cracked. The CFRP and steel specimens exhibited 
similar strain behaviors up to this stage. After cracking, the concrete specimen reinforced 
with steel exhibited less bar strain than the specimens reinforced with CFRP at the same 
load level, because the latter had relatively low moduli of elasticity compared to that of 
the steel. The maximum strains in the CFRP bars were approximately 3,901, 6,989, 
8,454, and 8,978 microstrains for BC, BC-200, BC-150, and BC-100, respectively. In 
general, this strain at ultimate shows that shear failure was not triggered by the CFRP 
bars rupturing. No signs of anchorage problems were observed in any of the specimens. 
On the other hand, the figure clearly shows that the steel reinforcement yielded before 
failure, occurring at a load level equal to 44% of the ultimate load.  
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Figure ‎7-11: Load–flexural-tension-strain relationship at mid-span 
7.6.4 Concrete Strain 
Figures 7-12 provide the measured compressive concrete strains at the mid-span from the 
top side of the specimens. The figure indicates that, prior to cracking; the concrete strains 
were insignificant in all of the specimens and ranged from 90 to 140 microstrains. After 
cracking occurred, the strains differed almost linearly with increasing load up to failure. 
As shown in Figure 7-12, the maximum recorded strain before failure ranged from 1,784 
to 3,990 microstrains for the CFRP-reinforced specimens. The higher strain was recorded 
for specimens with higher spiral-reinforcement ratios, even though the recorded strains 
for BC-100, BC-150 were approximately close to the limit of the concrete crushing strain 
of 3,500 microstrains specified in CSA standards (CSA S806-12). The propagation of 
cracks at the shear span implies that the major diagonal tension-shear crack governed the 
failure mode of these specimens with no signs of crushing at the mid-span. This is 
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attributed to the fact that the CFRP spirals with lower spacing confined the concrete core 
of these specimens.  
 
Figure ‎7-12: Load–concrete-strain relationship at mid-span 
 
Figure ‎7-13: Load–concrete-strain relationship at shear span 
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Figure 7-13 provides the average measured diagonal compressive concrete strains at the 
mid-shear span at mid-height (D/2). The figure indicates that, prior to shear diagonal 
cracking, the concrete strains were insignificant in all the specimens. Then, the strain 
began to increase progressively, reaching to no more than 1,000 microstrains on average. 
Thereafter, due to the propagation of the shear cracks in this zone, the results were not 
reliable. 
7.6.5 Strain in the CFRP Spirals 
Despite the use of 8 strain gauges for recording strains in the spiral, some strain data were 
unreliable due to the difficulties during measuring strains over the curved surfaces of 
spirals. Moreover, test observations indicate that the major diagonal crack did not always 
cross the spirals where the strain gauges were located. This means that the recorded 
strains did not necessarily represent the maximum strain. Figure 7-14 shows the load 
versus measured maximum spiral-strain relationships at mid-shear span. In general, the 
strains were very small until diagonal cracks developed.  
 
Figure ‎7-14: Load–spiral strain relationship  
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After diagonal cracking occurred, the spiral strain slowly and steadily increased. This 
indicates the transfer of internal forces from the concrete to the spirals. This figure further 
reveals that the CFRP spirals had higher strain capacities than their steel counterparts. 
The maximum strains ranged approximately from 2,036 to 1,666 microstrains. The larger 
the spiral spacing, the higher the spiral strain at all loading levels. This indicates that 
increasing the spiral reinforcement controlled the widening of shear cracks. 
7.6.6 Shear Strength  
Figure 7-15 presents the experimental shear strengths of the test specimens versus the 
stiffness of the CFRP spirals (ρfvEv) normalized to sE . The test results indicate that the 
shear strengths of CFRP spirally reinforced specimens increased linearly with the 
increase of ρfvEv for each spiral size, whereas the average trend is semi-linear. Increasing 
the CFRP spiral reinforcement ratio from 0.26 to 0.51 increased the shear strength of the 
specimens by 46.6% with #4 CFRP spirals. The increase in the shear capacity with the 
decrease in spiral spacing for #4 spirals can be attributed to the reduction in the average 
spiral strain, which resulted from the distribution of the shear force over a larger number 
of spirals intersected by the diagonal shear cracks. On the other hand, Figure 7-15 
indicates that the modulus of elasticity of the spiral reinforcement did not affect the shear 
strength of the tested specimens. BC-150 had a shear strength (1,009 kN) higher than that 
of the steel specimen (BS-150) (788 kN), yet both had the same spiral- and longitudinal-
reinforcement ratios. This can be attributed to the contribution of the diagonal tension 
reinforcement (CFRP spirals) Vsf to the total shear resistance, which have high tensile 
strength at rupture. Also, failure of steel beam (BS-150) initiated by yielding of flexural 
reinforcement followed by yielding of steel spirals. 
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Figure ‎7-15: Effect of spiral reinforcement ratio on the shear strength 
7.6.7 Efficiency of CFRP Spirals 
In spirally reinforced members, only a component of the force in the spiral link can resist 
shear force due to the geometric curvature of the spirals. This reduces their efficiency in 
comparison to rectangular stirrups, as shown in Figure 7-16 (Feltham 2004 and 2006). In 
addition, the shear plane will usually cut a spiral link twice in each revolution, but one 
side of the spiral will perform less well than the other side at resisting shear because of its 
inclination to the shear plane. The literature introduced two factors—
1  and 2 — to 
estimate Vs so as to take into account the effect of spiral curvature (the inclination of the 
spiral with respect to the transverse axis) and spiral inclination with respect to the 
longitudinal axis, respectively (Turmo et al. 2009). An effectiveness factor 
1 = 0.85 was 
obtained, assuming a constant lever arm of 0.8D (Turmo et al. 2009) to take into account 
the effect of curvature. On the other hand, it was found that 
2  had no practical design 
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significance for steel spirals, since its values range from 0.99 for dc/s = 4 to 0.97, for dc/s 
= 2 (Kim and Mander 2005 and 2006).  
 
F1= Force from spiral curvature; F2 = Force from spiral inclination 
Figure ‎7-16: Shear across a circular section 
The effective stress of the CFRP spirals at failure (ffv) of the test specimens was assessed 
based on the difference between the measured shear strength, Vexp and the shear force 
contributed by the concrete as measured at the initiation of the first diagonal shear crack, 
Vcr, which is reported in Table 7-2. Based on the conventional truss model, the stress in 
the spirals at failure,  ffv was determined considering 1 = 0.85 and 2 =1.0 as follows: 
exp
1 2
( )
(cot cot )sin
cr
fv
fv
V V s
f
A d    



                                                                  Equation ‎7-2 
where Afv is the area of the CFRP spiral, s  is the spiral spacing, d is the effective depth of 
the member, and θ and   are, respectively, the angles of the observed diagonal shear 
cracks, or of the diagonal struts, and the inclination of the spiral to the member axis 
(Figure 7-16). Figure 7-17 shows that the effective spiral stress ffv at failure normalized to 
the tensile strength of the CFRP straight bar. The effective spiral stress ffv at failure for 
specimens BC-200, BC-150, and BC-100 were 51%,41%, and 37%, respectively, with an 
average value equal to 43% of the tensile strength of the CFRP straight bar. The closer 
the spacing of the CFRP spirals, the lower the effective spiral stresses. This is attributed 
F2 cos (90-α) 
s 
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to the reduction in the average spiral strain, which resulted from the distribution of the 
shear force on a larger number of spirals intersected by the diagonal shear cracks. 
Furthermore, the results indicate that the effective spiral stress ffv at failure attained 102%, 
83%, and 75% of the bend strength (based on B.5 test method) for specimens BC-200, 
BC-150, and BC-100, respectively. It is worth mentioning that the stretching process to 
adjust spiral pitch, which may lead to the breaking and twisting of fibers. A factor should 
be added to account for the effect of stretching process. Based on the attained effective 
spiral stress ffv for the tested specimens, the tensile strength of the CFRP spiral could be 
considered equal to ffu,bend, as obtained with the B.5 test method multiplied by a factor 3
= 0.85. Figure 7-17 shows the CSA806-12 stirrup stress and strain limits (0.4ffu, 0.005Ev) 
and ACI 440 strain limit (0.004Ev) compared to the effective spiral stress for all the 
specimens. The figure indicates that the stress and strain limits (0.4ffu and 0.005Ev, 
respectively) are closer to the average test results, and 0.004Ev strain limit provides the 
lower limit for the attained stress in the spirals. It can be concluded that circular members 
design using CSA 806-12 resulted in failure governed by the 0.4ffu or 0.005Ev 
limits, and 
the capacity of the straight portions of the CFRP spirals could not be used. Consequently, 
using a value of less than 0.004Ev 
presents the lower limit in the design.  
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Figure ‎7-17: Effect of spiral-reinforcement ratio on the effective shear stress of CFRP 
spirals 
7.7 Shear Strength Predictions and Comparison with 
Experimental Results 
Current FRP design codes and standards consider a portion of the nominal shear 
resistance Vr, to be carried by concrete shear-resisting mechanisms Vcf, with the 
remainder Vsf carried by truss mechanisms involving transverse reinforcement (the 
reinforcement contribution). Experimentally, however, it is difficult to completely isolate 
the two components of the ultimate shear resistance. In our study, the shear capacities of 
the test specimens were assessed theoretically using the simplified approaches in ACI 
440.1R, CSA S806, CSA S6-14, and JSCE. Table 7-3 summarizes the shear design 
provisions of each code and design guideline. ACI 440.1R and CSA S6-14 recommend 
that the effective strain in FRP shear reinforcement not exceed 0.004, nor should the 
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design strength exceed the strength of the bent portion of the stirrup ffu,bent. The value of 
0.004 is justified as the strain that prevents degradation of aggregate interlock and 
corresponding concrete shear (Priestley et al. 1996). ACI 440.1R, CSA S6-14, and JSCE 
provide design equations (Eqns. 7-6, 7-15, and 7-21, respectively, as shown in Table 7-3) 
for the bend capacity of the FRP stirrup, which is a function of the ratio of the bend 
radius, rb, to bar diameter, db. CSA S806 limits the maximum tensile stress in FRP shear 
reinforcement to be taken as the smaller of 0.005Ev, 40% of the ultimate longitudinal 
tensile strength of the FRP stirrup (0.4ffu), or 1200 MPa, irrespective of rb/db. None of the 
aforementioned codes or guidelines specifically addresses the evaluation of circular 
elements reinforced with FRP spirals. The shear design parameters such as effective 
shear depth and width, and strength and strain limitation for FRP spirals are not defined. 
Table 7-4 summarizes the statistical results related to the ratio between the experimental 
and the predicted ultimate shear force, Vexp/Vpred. In addition, Figure 7-18 shows the 
relationship between the experimental and predicted ultimate shear strength, experimental 
cracking shear strength, and the predicted Vcf and Vsf versus shear-reinforcement stiffness. 
The average of Vexp/Vpred is directly related to accuracy. The analysis results indicate that 
the four methods investigated provided average ratios greater than 1.0. Figure 7-18 
indicates that Vexp/Vpred is higher for specimens with low shear-reinforcement ratios rather 
than high. The CSA S806 method provides the closest predictions with a mean value 
equal to 1.05, followed by CSA-S6-14 and ACI 440.1R with mean values equal to 1.16 
and 1.20, respectively. Figure 7-18 indicates that the CSA-S806, ACI 440.1R, and CSA-
S6-14 design methods account for the increase in shear reinforcement. Moreover, this 
figure indicates that the cracking shear loads of the test specimens (Vcr exp) corresponded 
to the predicted concrete-contribution values (Vc pred) using CSA S6-14. Nevertheless, 
Vcr,exp values were approximately 0.68 and 1.25 times the predicted values (Vc pred) using 
ACI 440.1R and CSA S806-12, respectively. On the other hand, the JSCE method greatly 
underestimated the shear strength of the test specimens, with an average Vexp/Vpred closer 
to 2.44. This excessive level of conservatism is relevant to the concept in calculating the 
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FRP-stirrup strain (εfv) at ultimate, which is limited to the lesser of the FRP-stirrup bend 
strength or the value obtained with Eq. (7-19). Equation (7-19) provides very low strain 
values at ultimate, ranging between 0.0007 and 0.001, with an average value 0.0009. On 
the other hand, analysis results indicate that the ACI 440.1R, CSA S6-14, and JSCE 
design equations (Eqns. 7-6, 7-15, and 7-21, respectively) for bend strength are not 
appropriate for representing the strength of CFRP spirals. This was evident since these 
equations significantly overestimated the effective spiral stresses at failure. It was 
mentioned earlier that the 0.4ffu stress limit is closer to the average test results, and 
0.004Ev 
provides the lower limit for the attained stress in the spirals.  
The analysis results indicate that the aforementioned design methods provided 
predictions closer to the experimental results which are not reasonably conservative. The 
low degree of conservatism does not justify the accuracy or validity of the assumptions in 
these methods. Based on the findings of this study, the strength of CFRP spiral ( fvf ) 
should be the lesser of the 0.4ffu stress limit or the bend strength based on the B.5 test 
method for the same CFRP-stirrup diameter. In addition, it recommends introducing three 
factors—
1 2 3, , and   —to account for CFRP-spiral inclination, curvature, and strength 
reduction, respectively, as a result of the stretching process. Hence, the shear contribution 
of CFRP spirals can be considered as: 
1 2 3
(cot cot )sinfv fv v
sf
A f d
V
s
  
  

                                                         Equation ‎7-22 
Table 7-4 presents the Vexp/Vpred values for ACI 440.1R, CSA S806, CSA S6-14, and 
JSCE using the proposed design equation (Eq. 7-22). The values of 
1 2 3, , and    were 
taken as equal to 0.85, 1.0, and 0.85, respectively, based on experimental observations. In 
addition, the 0.4ffu stress limit of the CFRP spirals was considered. Table 7-4 shows that 
the proposed equation seems to give better and reasonable predictions than the code 
equation. The most accurate method is provided in CSA S806 with the mean value 
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closest to 1.12, followed by JSCE, ACI 440.1R, and CSA S6-14 and provide mean values 
equal to 1.29, 1.33 and 1.35, respectively.  
Table ‎7-3: Shear design provisions for calculating Vcf and Vsf  
Reference Shear Design Equations Reference Shear Design Equations 
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Table ‎7-4: Comparison between predicted and experimental shear strength 
Specimen 
ID 
ACI 440.1R  CSA S6-14 CSA S806-12  JSCE (1997) 
Vexp/Vpred Vexp/Vpred Vexp/Vpred Vexp/Vpred 
Code Proposed Code Proposed Code Proposed Code Proposed 
BC-200 1.25 1.28 1.12 1.32 1.0 1.01 2.13 1.22 
BC-150 1.18 1.32 1.16 4.08 1.04 1.1 2.38 1.27 
BC-100 1.10 1.40 1.21 1.35 1.13 1.21 2.82 1.37 
Average 1.20 1.33 1.16 1.35 1.05 1.12 2.44 1.29 
SD 0.52 0.06 0.13 0.03 0.08 0.09 0.40 0.07 
COV (%) 43.1 4.96 11.4 1.90 8.26 8.9 16.48 5.74 
 
 
Figure ‎7-18: Experimental and predicted components of shear resistance 
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7.8 Conclusions 
Based on the results of the experimental program, the following conclusions can be 
drawn: 
1. The test results indicate that the specimens reinforced with CFRP bars and spirals 
exhibited higher shear resistance and comparable performance to that the control 
specimen reinforced with steel, which had the same spiral-and longitudinal-
reinforcement ratios.  
2. As designed, the ultimate shear strength of the specimens was governed by the 
CFRP spirals’ strength. The test specimens failed in shear due to spiral rupture 
crossing the major diagonal shear cracks. 
3. Specimen without spirals failed in a brittle manner and at low shear load level 
compared with the specimens reinforced with CFRP spirals. Also, the presence of 
CFRP spirals in the specimens enhanced the concrete contribution after the 
formation of the first diagonal crack.  
4. The test results indicate the shear strengths significantly enhanced with the 
increase in the CFRP spiral reinforcement ratio. Increasing the CFRP spiral-
reinforcement ratio ( fv fv wA sb  ) from 0.26 to 0.52 increased the shear strength 
of the tested specimens by 47%. 
5. The 
rV  design formulae developed on rectangular sections are intended to allow 
for the safe design of circular sections reinforced with CFRP bars and spirals with 
the following modifications: 
a. The area of flexural reinforcement is the area of the FRP below the mid-depth 
of the section. 
b. The diameter of the circular section D is used in lieu of the width bw.. 
c. The effective depth d is taken as defined in ASHTO 2012 LRFD (d = de). 
6. The experimental shear strengths of the CFRP-reinforced concrete specimens 
were compared to theoretical predictions provided by current codes and design 
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guidelines. The comparison indicated that the current CAN/CSA S6-14; 
CAN/CSA S806-12  ACI 440.1R-15 design methods provide  a reasonable 
predictions; however, the and JSCE 1997 underestimate the contribution of the 
CFRP spirals (Vsf) due to low strain limits. A more precise formula for the shear 
strength Vsf, however, was proposed to account for the contribution and behavior 
of CFRP spirals. 
7. A new equation was introduced to quantify Vsf in circular concrete members to 
account for the mechanical properties and geometry of CFRP spirals. The 
proposed equation provided more reasonably accurate predictions. 
8. The experimental evidence from this investigation provides some basis for 
including design provisions in bridge-design specifications for the use of CFRP 
spirals in circular concrete members for bridge pier and pile applications; the 
current study on shear behavior of circular concrete specimens reinforced with 
CFRP bars and spirals has answered a significant number of questions and issues; 
however, other detailed issues related to the size and effect of shear-span to depth 
ratio need to be addressed. 
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CHAPTER 8        
SUMMARY, CONCLUSIONS, AND 
RECOMMENDATION FOR FUTURE WORK 
8.1 Summary 
The current study aimed to investigate the shear behavior of circular concrete specimens 
reinforced internally with FRP longitudinal bars and spirals. The study includes both 
experimental and analytical investigations. Based on the findings of investigations, a 
proposed modification of shear design equation is presented to predict the shear strength 
of circular concrete members reinforced with FRP bars and spirals.    
The experimental investigation included a total of twenty full-scale circular specimens, 
500 mm diameter and 3,000 mm height, tested to failure. The specimens were tested 
under monotonically shear load. The effect of several parameters have been studied; type 
of reinforcement, longitudinal reinforcement ratio, the shear reinforcement ratio 
(diameters, and spacing of spiral reinforcement), and shear span to depth ratio. The test 
results of experimental investigation were presented and discussed in the form of; shear 
strength, crack pattern and mode of failure, concrete, longitudinal, and spiral strains, 
load-deflection response, contribution of GFRP/CFRP spirals, shear crack width, effect 
of shear-span-to-depth, and beam action versus arch action.  
The analytical investigation included analysis of the tested specimens using different 
available codes and design guidelines recently published as well as to recently developed 
shear design equations appearing in the literature. For analyzing the shear strength of 
tested specimens, with a/d greater than 2.5 reinforced with FRP bars and spirals, the 
following codes and guides were used: the ACI 440.1R-15 (2015), CSA S806 (2012), 
CSA S6-14 (2014), JSCE 1997, BISE Design Guidelines, BS5400-4, and CNR-DT 203 
(NRC 2006). On other hand, the strut and tie model in the CSA S806 (2012) was used to 
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analyze the shear strength of the tested circular specimens, with a/d less than 2.5, either 
reinforced with FRP bars and spirals. The results obtained from each analysis were 
compared to the corresponding experimental results. Based on the result of this 
comparison and the experimental finding, the proposed equations were presented. The 
proposed equations were used to analyze the shear strengths of the circular RC speciemns 
investigated in the current study. The analysed shear strengths were compared to the 
experimental ones to examine the validity of the proposed equations. Some of tested 
specimens were also analysed using Response 2000 program, which is based on the 
modified compression field theory (MCFT). 
The results of this research work are presented in four articles. The following are the 
general conclusions of this work: 
8.2 Conclusions 
Based on the experimental and analytical results obtained in this research considering the 
previous parameters associated with this research program, the following general 
conclusions are drawn: 
8.2.1 Members without Web Reinforcement 
1. The observed failure modes of the tested circular FRP-reinforced specimens 
were diagonal tension failure.  
2. The concrete contribution to the shear strength of circular RC specimens, Vcf, is 
proportional to the axial stiffness of the longitudinal reinforcing bars. The 
higher the reinforcement ratio or the modulus of elasticity of the reinforcing 
bars, the higher the obtained shear strength. 
3.  The Vcf design formulae developed on rectangular section are intended to 
allow for the safe design of circular sections reinforced with FRP bars with the 
following modifications: 
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a. The area of flexural reinforcement is the area of the FRP below the mid-
depth of the section. 
b. The diameter of the circular section D  is used in lieu of the width
wb . 
c. The effective depth d is taken as the ACI 318-14 ( 0.8d D ) or ASHTO 
LRFD 2012 (d = de) effective depth definition. 
4. The AC1318-14 and ASHTO LRFD 2012 approaches to effective depth 
provided more accurate predictions than the effective shear area of 0.8Ag and 
0.7Ag. 
5. The CSA S806-12 design method yielded more accurate and conservative 
predictions for the shear capacity of circular FRP-reinforced specimens than 
the other methods. The design equation recommended in CSA S6-14 (2014); 
CNR-DT 203 (NRC 2006); BISE; El-Sayed et al. (2006); and Hoult et al. 
(2008) provided reasonable but rather conservative results. Nevertheless, the 
ACI 440-15 design method were significantly underestimated shear strengths 
compared to the experimental values, with mean values ranging from 2.34 to 
3.33. 
6. A simplified modification to the BS5400-4 design equation was proposed to 
account for the longitudinal stiffness of FRP bars. The modified equation gave 
a more reasonable estimate of the shear capacity of the tested circular concrete 
specimens reinforced with FRP bars. More comprehensive test data for circular 
FRP-reinforced concrete elements are needed to more precisely establish the 
definition of the effective shear area and assess current FRP shear design 
equations. 
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8.2.2 Members with GFRP Spiral Reinforcement 
7. The test results indicate that the GFRP RC specimen exhibited similar shear 
strength and cracking behavior compared to the counterpart steel RC specimen. 
GFRP specimen BG4-150 reached a shear strength (761 kN [171.1 kips]) 
closest to that of steel specimen BS4-150 (788 kN [177.1 kips]), which had the 
same spiral-and longitudinal-reinforcement ratios.  
8. The presence of GFRP spirals in the specimens enhanced the concrete 
contribution after the formation of the first diagonal crack.  
9. The test results indicate that the higher the GFRP spiral reinforcement ratio, the 
higher the enhancement of the shear strength due to the confinement, which 
controls shear cracks and improves aggregate interlocking. The shear strengths 
increased linearly with the increase in ρfvEv for each spiral size. Increasing the 
GFRP spiral-reinforcement ratio from 0.25 to 0.79 increased the shear strength 
of the tested specimens by 61%. 
10. The ACI 440-15, CSA S6-14 and JSCE design equations for bend strength are 
not representative of the shear-strength capacity of GFRP spirals. The B.5 test 
method provided conservative values for the strength of GFRP spirals using 
similar bent bars of the same size. 
11. The results of this study indicate that the investigated design method 
underestimates the shear strength of specimens reinforced with GFRP spirals. 
In comparing the actual shear strength of the tested specimens to their 
predicted strengths based on ACI 440-15, CSA S6-14, CSA S806-12, and 
JSCE guidelines, it can be concluded that, overall, the CSA S806-12 method 
yields more accurate results. The mean value of the ratio of the experimental 
strength to the CSA S806-12 predicted strength of the tested specimens is 1.43, 
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whereas the corresponding values using ACI 440-15, CSA S6-14, and JSCE 
are 1.7 and 1.74, and 3.0, respectively. 
12. Using a 0.4 reduction factor in the design equations to account for the 
reduction in the tensile strength of the GFRP spirals as a function of the tensile 
strength of the straight portion yields a more accurate but still conservative 
prediction of the shear strength of concrete specimens reinforced with GFRP 
spirals. 
13. The Vr design formulae developed on rectangular sections are intended to 
allow for the safe design of circular sections reinforced with FRP bars and 
spirals with the following modifications: 
a. The area of flexural reinforcement is the area of the FRP below the mid-
depth of the section. 
b. The diameter of the circular section D is used in lieu of the width bw. 
c. The effective depth d is taken as defined in ACI318-14 (d = 0.8D) or 
ASHTO 2012 LRFD (d = de). 
14. A new equation was introduced to quantify Vsf in circular concrete members to 
account for the mechanical properties and geometry of GFRP spirals. The 
proposed equation provided more reasonably accurate predictions. 
15. The experimental evidence in our study indicates that the use of GFRP spirals 
as shear reinforcement adequately fulfills shear design requirements. The 
developed GFRP spirals can be used as shear reinforcement for circular 
concrete members for pile and pier applications.  
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8.2.3 Members with Different Shear-Span-to-Depth Ratio 
16. The mode of failure was mainly affected by the shear-span-to-depth ratio a/d, 
rather than the GFRP-spiral-reinforcement ratio; flexural-shear failure for 
specimens with a/d = 3, GFRP-spiral rupture shear for specimens with a/d = 
2.6, and strut crushing combined with spiral rupture for specimens with a/d < 
2.5. 
17. The shear strength of GFRP-RC circular specimens with a/d ≤ 2.0 is 
significantly dependent on the arch action. In contrast, specimens with a/d ≥ 
2.5 are dominated by beam action and the effect of a/d was insignificant.  
18. For GFRP-RC circular specimens, the transition from strut action to beam 
action occurred at a/d greater than 2 and less than approximately 2.5. In this 
zone, the beam action and arch action contributed to the overall shear 
resistance of the specimens.   
19. The presence of GFRP spirals in the circular specimens enhances the concrete 
contribution after the formation of the first shear crack. Moreover, increasing 
the spirals reinforcement ratio from 0.26 to 0.53 % increased the shear 
resistance by 30.7 % due to the confinement of concrete by spirals which 
controls the shear cracks and improves the aggregate interlocking. 
20. The result of this study indicated that, the shear strength increased significantly 
with decreasing the a/d ratio, where the shear strength increased by 21.4 % and 
120 % with decreasing a/d ratio by 25 % and 42 %, respectively.   
21. While the sectional shear models in ACI 440.1R, CSA S806, CSA S6, and 
JSCE 1997 can be used to predict the shear strength of GFRP-RC circular 
specimens at a/d > 2.5, these equations provided overly conservative 
predictions. The CSA S806 model provided the most accurate predictions. 
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22. The test results revealed that the 0.4ffu spiral stress limit is closer to the test 
results of circular specimens, and that 0.004Ev or 0.005Ev strain limit provides 
the lower limit for the attained stress in spirals. 
23. The CSA S806-12 sectional model accounts for the transition in shear 
mechanism from beam action to arch action for specimens with specimens at 
2.0 ≤ a/d ≤ 2.5. 
24. The S806-12 strut-and-tie predictions underestimate the beneficial effect of 
adding GFRP spiral for circular specimens at a/d < 2.0. A proposed 
modification was introduced to consider Vsf in the design equation. 
25. Response-2000 software, which is based on the modified compression field 
theory (MCFT), provided good predictions of the shear strength with an 
average value of Vexp/Vpred equal to 1.09 and 1.12 for specimens with a/d >2.5 
and a/d ≤ 2.0, respectively. 
8.2.4 Members with CFRP Spiral Reinforcement 
26. The test results indicate that the specimens reinforced with CFRP bars and 
spirals exhibited higher shear resistance and comparable performance to that 
the control specimen reinforced with steel, which had the same spiral-and 
longitudinal-reinforcement ratios.  
27. As designed, the ultimate shear strength of the specimens was governed by the 
CFRP spirals’ strength. The test specimens failed in shear due to spiral rupture 
crossing the major diagonal shear cracks. 
28. Specimen without spirals failed in a brittle manner and at low shear load level 
compared with the specimens reinforced with CFRP spirals. Also, the presence 
of CFRP spirals in the specimens enhanced the concrete contribution after the 
formation of the first diagonal crack.  
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29. The test results indicate the shear strengths significantly enhanced with the 
increase in the CFRP spiral reinforcement ratio. Increasing the CFRP spiral-
reinforcement ratio (
fv fv wA sb  ) from 0.26 to 0.52 increased the shear 
strength of the tested specimens by 47%. 
30. The experimental shear strengths of the CFRP-reinforced concrete specimens 
were compared to theoretical predictions provided by current codes and design 
guidelines. The comparison indicated that the current CAN/CSA S6-14; 
CAN/CSA S806-12  ACI 440.1R-15 design methods provide  a reasonable 
predictions; however, the and JSCE 1997 underestimate the contribution of the 
CFRP spirals (Vsf) due to low strain limits. A more precise formula for the 
shear strength Vsf, however, was proposed to account for the contribution and 
behavior of CFRP spirals. 
31. A new equation was introduced to quantify Vsf in circular concrete members to 
account for the mechanical properties and geometry of CFRP spirals. The 
proposed equation provided more reasonably accurate predictions. 
32. The experimental evidence from this investigation provides some basis for 
including design provisions in bridge-design specifications for the use of CFRP 
spirals in circular concrete members for bridge pier and pile applications; the 
current study on shear behavior of circular concrete specimens reinforced with 
CFRP bars and spirals has answered a significant number of questions and 
issues; however, other detailed issues related to the size and effect of shear-
span to depth ratio need to be addressed. 
8.3 Recommendations for Future Work 
Based on the findings and conclusions of the current study, it is important to continue the 
research studies in this promising field, knowing that there is still a lot of work to do. 
Some of the recommendations for future point of research are: 
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1. Experimental works were needed to consider the effect of axial load on the shear 
strength of circular FRP-RC members. 
2. Research is needed to quantify the shear contribution of longitudinal 
reinforcements in spirally RC members. 
3. Performing more experimental works on circular FRP-RC members to validate the 
proposed equations.  
8.4 Impact of Current Research 
The results and outcomes of this study can be used as a fundamental step towards 
including specific formulae in the Canadian codes (S6 and S806) for design circular FRP-
RC members under shear loads. 
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Résumé, conclusions, et recommandation pour des 
travaux futurs 
Conclusion 
En fonction des résultats expérimentaux et analytiques exposés dans cette recherche et 
considérant les paramètres associés avec ce programme de recherche, les conclusions 
générales suivantes  ont pu être tirées : 
Poutres sans renforcement de l’âme 
1. Le mode de ruptures observé, lors des essais de poutres circulaires renforcées 
avec des PRF, était une rupture en traction diagonale. 
2. La contribution du béton à la résistance au cisaillement des poutres circulaire en 
béton renforcé, Vcf, est proportionnelle à la rigidité axiale des barres de 
renforcement longitudinal. Plus le ratio de renforcement ou le module élastique 
des barres de renforcement sont élevés, plus la résistance au cisaillement est 
élevée. 
3. Les formules de conception développées pour Vcf, dans le cas des sections 
rectangulaires, prévoient une conception sécuritaire pour une application à des 
cas de section circulaire en appliquant les modifications suivantes : 
a. La section de renforcement en flexion est la section des PRF sous la mi-
hauteur de la section; 
b. Le diamètre D d’une section circulaire remplace le coefficient de largeur 
bw. 
c. La profondeur effective d est définie telle que mentionnée dans la norme 
ACI 318-14 (d = 0.8D) ou AASHTO LRFD 2012 (d = de). 
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4. Les normes ACI 318-14 et AASHTO LRFD 2012 offrent une prédiction plus 
précise en utilisant l’approche de la profondeur effective plutôt que l’approche 
par la section de cisaillement effective de 0.8 Ag et 0.7 Ag. 
5. La méthode de conception de la norme CSA S806-12 a produit des prédictions 
plus précises et conservatrices pour la capacité de résistance au cisaillement de 
poutres circulaires renforcées de PRF que les autres méthodes. Les équations 
recommandées dans les normes CSA S6-14 (2014); CNR-DT 203 (NRC 2006); 
BISE; El-Sayed et al. (2006); et Hoult et al. (2008) ont abouti à des prédictions 
raisonnable, mais plutôt conservatrice. Néanmoins, la méthode de conception 
prescrite par l’ACI 440-15 a significativement sous-estimé la valeur de la 
résistance au cisaillement comparativement aux valeurs expérimentales 
obtenues, avec des valeurs moyennes entre 2.34 et 3.33. 
6. Une modification simplifiée à l’équation de conception dans la BS5400-4 a été 
proposée pour prendre en compte la rigidité longitudinale des barres de PRF. 
L’équation modifiée a donné des estimations plus raisonnables de la capacité de 
résistance au cisaillement des poutres circulaires de béton renforcées de PRF qui 
a été testée. Par contre, des données plus complètes d’essais sur des éléments 
circulaires de béton renforcé de PRF sont nécessaires afin d’établir une 
meilleure définition de la surface effective de cisaillement et d’évaluer plus 
précisément les équations actuelles de conception en cisaillement pour les PRF. 
Poutres avec un renforcement de PRFV en spirale 
7. Les résultats expérimentaux ont montré que les poutres de béton renforcé de 
PRFV ont manifesté une résistance au cisaillement et un comportement de 
fissuration similaire par rapport aux poutres de béton renforcé d’acier. La poutre 
avec des PRFV BG4-150 a atteint une résistance au cisaillement (761 kN [171.1 
kips]) proche de la poutre avec de l’acier BS4-150 (788 kN [177.1 kips]), tous 
deux ayant les mêmes spirales et le même ratio de renforcement longitudinal. 
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8. La présence de spirale en PRFV dans les spécimens de poutre augmente la 
contribution du béton après la formation des premières fissures en diagonale. 
9. Les résultats expérimentaux montre que plus le ratio de renforcement avec des 
spirales en PRFV est grand, plus la résistance au cisaillement augmente dû au 
confinement; ce qui contrôle les fissures de cisaillement et améliore l’emboîtage 
des agrégats. La résistance au cisaillement augmente linéairement avec 
l’augmentation de 
fv vE pour chaque dimension de spirale. Augmenter le ratio 
de renforcement des spirales en PRFV de 0.25 à 0.79 a augmenté la résistance au 
cisaillement des spécimens testés de 61%. 
10. Les équations de conception de l’ACI 440-15, CSA S6-14 et JSCE pour la 
résistance de la portion courbe ne sont pas représentatives de la capacité de 
résistance au cisaillement des spirales de PRFV. La méthode par essais de type 
B.5 fourni des valeurs plus conservatrices de la résistance des spirales en PRFV 
en utilisant la portion courbe de barres similaires de même diamètre. 
11. Les résultats de cette étude indiquent que les méthodes de conception 
investiguées sous-estiment la résistance au cisaillement de poutres renforcées 
avec des spirales de PRFV. Dans une comparaison, entre la résistance au 
cisaillement actuel des spécimens testés et les prédictions de résistance, basées 
sur l’ACI 440-15, la CSA S6-14, la CSA S806-12 et lignes directrices du JSCE; 
il peut être conclue qu’en tout et partout, que la méthode proposée par la CSA 
S806-12 offre des résultats plus précis. La valeur moyenne du ratio de la 
résistance expérimentale à la résistance prédite avec la CSA S806-12 est de 
1.43; tandis que le même ratio pour l’ACI 440-15, la CSA S6-14 et la JSCE est 
de 1.70, 1.74 et 3.00 respectivement. 
12. Utiliser un facteur de réduction de 0.4 dans les équations de conception 
afin de tenir compte de la réduction de la résistance à la traction des spirales de 
PRFV comme fonction de la résistance à la traction de la portion droite; permets 
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d’obtenir une prédiction plus précise, mais quand même conservatrice, de la 
résistance au cisaillement des poutres de béton renforcées avec des spirales de 
PRFV. 
13. Les formules de conception développées pour Vr, dans le cas des sections 
rectangulaires, prévoient une conception sécuritaire pour une application à des 
cas de section circulaire en appliquant les modifications suivantes : 
a. La section de renforcement en flexion est la section des PRF sous la mi-
hauteur de la section. 
b. Le diamètre D d’une section circulaire remplace le coefficient de largeur 
bw. 
c. La profondeur effective d est définie telle que mentionnée dans la norme 
ACI 318-14 (d = 0.8D) ou ASHTO LRFD 2012 (d = de). 
14. Une nouvelle équation a été introduite afin de quantifier Vsf dans les 
éléments circulaires de béton pour prendre en compte les propriétés mécaniques 
ainsi que la géométrie des spirales en PRFV. L’équation proposée a fourni des 
prédictions raisonnement plus précises. 
15. L’évidence expérimentale dans notre étude indique que l’utilisation de 
spirale en PRFV comme renforcement en cisaillement remplit adéquatement les 
exigences de conception en cisaillement. Les spirales en PRFV développé 
peuvent être utilisées comme renforcement en cisaillement pour des éléments 
circulaires en béton comme des piles et des colonnes. 
Poutres avec différent ratio de portée de cisaillement à la profondeur 
16. Le mode de rupture a été principalement affecté par le ratio porté de 
cisaillement à la profondeur a/d, plutôt que par le ratio de renforcement de 
spirale en PRFV; rupture en flexion-cisaillement pour un ratio a/d = 3; rupture 
Chapter 8– Summary, Conclusions, and Recommendation for Future Work  
 
232 
  
en cisaillement des spirales en PRFV pour un ratio a/d = 2.6 et écrasement des 
bielles combinées avec la rupture des spirales pour un ratio a/d < 2.5. 
17. La résistance au cisaillement des poutres circulaires en béton renforcé de 
PRFV avec un ratio a/d ≤ 2.0 dépend significativement de l’action d’arche. En 
revanche, pour les poutres avec un ratio a/d ≥ 2.5, la résistance au cisaillement 
est déterminée par l’action de la poutre et les effets de  a/d sont négligeable. 
18. Pour les poutres circulaires en béton renforcées de PRFV, la transition de 
l’action des bielles à l’action de la poutre arrive lorsque le ratio a/d est plus 
grand que 2.0, mais approximativement plus bas que 2.5. Dans cette zone, 
l’action poutre et l’action d’arche contribuent à la résistance globale au 
cisaillement de la poutre. 
19. La présence de spirale en PRFV dans les poutres circulaires augmente la 
contribution du béton après la formation des premières fissures de cisaillement. 
De plus, augmenter le ratio de renforcement des spirales de 0.26 à 0.53%, 
augmente la résistance au cisaillement de 30.7% du au confinement du béton par 
les spirales; ce qui contrôle les fissurations de cisaillement et améliore 
l’emboîtement des agrégats. 
20. Les résultats de cette étude montrent que la résistance au cisaillement 
augmente significativement avec la diminution du ratio a/d; où la résistance au 
cisaillement a augmenté de 21.4% et 120% avec la diminution du ratio a/d de 
25% et 42% respectivement. 
21. Tandis que les modèles de section en cisaillement dans l’ACI 440.1R, la 
CSA S806, la CSA S6 et le JSCE 1997 peuvent être utilisé pour prédire la 
résistance des poutres circulaire en béton renforcé de PRFV avec un ratio a/d > 
2.5; ces équations fournissent des prédictions trop conservatrices. Le modèle de 
la CSA S806 a fourni les prédictions les plus précises. 
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22. Les résultats expérimentaux ont révélé que la limite de contrainte 0.4ffu est 
plus près des résultats, pour des poutres circulaires, et que la limite de 
déformation 0.004Ev ou 0.005Ev était la limite inférieure pour l’atteint de la 
contrainte dans les spirales. 
23. Le modèle de section de la CSA S806-12 prend en compte la transition, 
dans les mécanismes de cisaillement, de l’action poutre à l’action d’arche pour 
les spécimens ayant un ratio 2.0 ≤ a/d ≤ 2.5. 
24. La prédiction par les bielles et tirants de la CSA S806-12 sous-estime les 
effets bénéfiques de l’ajout de spirale de PRFV dans des poutres circulaires avec 
a/d < 2.0. Une modification proposée afin de considérer Vsf a été introduite dans 
les équations de conception. 
25. Le logiciel Response-2000, qui est basé sur la théorie du champ de 
compression modifiée, a fourni de bonnes prédictions quant à la résistance au 
cisaillement avec une moyenne des valeurs Vexp/Vpred égal à 1.09 et 1.12 pour des 
spécimens avec a/d > 2.5 et a/d ≤ 2.0 respectivement. 
Poutres avec un renforcement de PRFC en spirale 
26. Les résultats indiquent que les poutres renforcées avec des barres et des 
spirales en PRFC montrent une plus grande résistance au cisaillement et des 
performances comparables aux poutres de contrôle renforcées avec de l’acier, 
qui avec les mêmes ratios de renforcement longitudinalement et de spirale. 
27. Comme conçu, la résistance ultime au cisaillement des spécimens poutres 
a été gouvernée par la résistance des spirales en PRFC. Les spécimens testés ont 
brisé dus à la rupture des spirales qui traversait les fissures diagonales majeures 
de cisaillement. 
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28. Les poutres sans renforcement en spirale ont ruptures de manière fragile et 
à une charge de cisaillement plus basse que les spécimens ayant un renforcement 
de spirales en PRFC. Aussi, la présence de spirales en PRFC dans les poutres 
augmente la contribution du béton après la formation des premières fissures en 
diagonale. 
29. Les résultats indiquent que la résistance au cisaillement augmente 
significativement avec l’augmentation du ratio de renforcement de spirales en 
PRFC. Augmenter le ratio de renforcement de spirales en PRFC 
( 
fv fv wA sb   ) de 0.26 à 0.52, a augmenté la résistance au cisaillement des 
spécimens testé de 47%. 
30. Les résistances au cisaillement expérimental des poutres en béton 
renforcées de PRFC ont été comparées aux prédictions théoriques fournies par 
les différentes normes et codes. La comparaison a indiqué que les méthodes de 
la CAN/CSA S6-14; la CAN/CSA S806-12 et l’ACI 440.1R15 fournissaient des 
prédictions raisonnables; par contre, la JSCE 1997 sous-estime la contribution 
des spirales en PRFC (Vsf) due aux basses limites de contrainte. Toutefois, une 
formule plus précise a été proposée afin de tenir compte de la contribution ainsi 
que du comportement des spirales en PRFC. 
31. Une nouvelle équation a été introduite afin de quantifier Vsf dans les 
éléments circulaires de béton pour prendre en compte les propriétés mécaniques 
ainsi que la géométrie des spirales en PRFC. L’équation proposée a fourni des 
prédictions raisonnement plus précises. 
32. La preuve expérimentale de cette investigation présente quelques bases 
afin d’inclure des dispositions de conceptions dans les spécifications de 
conception de pont pour l’utilisation de spirales en PRFC dans les éléments 
circulaires dans différentes applications tels que des piles de ponts et autres 
piles; cette étude a permis de répondre à un nombre important de questions et de 
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problèmes concernant le comportement en cisaillement des poutres circulaires 
en béton renforcées de barres et de spirales de PRFC. Cependant, d’autres 
questions relatives à la taille et à l’effet du ratio de la portée de cisaillement à la 
profondeur doivent être abordées. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 8– Summary, Conclusions, and Recommendation for Future Work  
 
236 
  
 
 
 
 
References 
 
237 
 
REFERENCES 
Ahmed, E. A., El-Salakawy, E. F, and Benmokrane, B. (2010a). ―Performance 
Evaluation of Glass Fiber-Reinforced Polymer ShearReinforcement for Concrete 
beams,‖ ACI Struct. J., 107(1), 53–62. 
Ahmed, E., El-Salakawy, E., and Benmokrane, B. (2010b). ―Shear Performance of RC 
Bridge Girders Reinforced with Carbon FRP Stirrups.‖ J. Bridge Eng., 15(1), 44-54. 
Ahmed, E., El-Sayed, A., El-Salakawy, E., and Benmokrane, B. (2010). ―Bend Strength 
of FRP Stirrups: Comparison and Evaluation of Testing Methods.‖ J. Compos. 
Constr., 14(1), 3-10. 
Alam, M. S., and Hussein, A. (2012). ―Effect of Member Depth on Shear Strength of 
High-Strength Fiber-Reinforced Polymer-Reinforced Concrete Beams.‖ J. Compos. 
Constr., 10.1061/(ASCE)CC.1943-5614.0000248, 119–126. 
Alam, M. S., and Hussein, A. (2013a). ―Size Effect on Shear Strength of FRP Reinforced 
Concrete Beams Without Stirrups.‖ J. Compos. Constr., 17(4), 507 516. 
Alam, M. S., and Hussein, A. (2013b). ―Unified Shear Design Equation for Concrete 
Members Reinforced With Fiber–Reinforced Polymer Without Stirrups.‖ J. Compos. 
Constr., 17(5), 575–583. 
Ali, A., Abdulsalam, B., Mohamed, H., Afifi, M. (2015c). ―Enhancing The behaviour of 
FRP-RC Slabs using Square FRP Bars and Fiber Concrete.‖ International Journal of 
Civil Structural Engineering, 6(1), 70-90, DOI:10.6088/ijcser.6007. 
Ali, A., Afifi, M., Abdulsalam, B., Haggag, H., El Hashimy, A., El-Sayed, T., Mohamed, 
H. (2015b). ―Performance Evaluation of One-Way Concrete Slabs Reinforced with 
New Developed GFRP Bars.‖ Materails Science and Application, Vol. (6), May 
(2014), 420-435, DOI: 10.4236/msa.2015.65046. 
References 
 
238 
 
 Ali, A., Mohamed, H., Benmokrane, B., and ElSafty, A. (2015d). ―Long-Term 
Durability Testing of Tokyo Rope Carbon Cables.‖  20th International Conference on 
Composite Materials, Copenhagen, 19-24
th 
July 2015, Denmark. 
Ali, A., Mohamed, H., Cousin, P., ElSafty, A., and Benmokrane, B. (2015a). ―Physical, 
Mechanical, and Durability Characterization of Carbon FRP Cable.‖ Third Conference 
on Smart Monitoring Assessment and Rehabilitation of Civil Structures (SMAR 2015), 
Antalya, Turkey, September 7-19, 8p. 
Ali, A., Mohammed H. and Benmokrane, B. (2013). ―Shear  Strength Behaviour of  Full-
Scale Circular Reinforced Concrete Piles with FRP Bars.‖ CSCE 2013, the 3rd 
International Engineering Mechanics and  Materials Conference, CSCE Annual 
Conference, Montreal, June 29th to 1st, 2013.Canada.  
Alkhrdaji, T., Wideman, M., Belarbi, A., and Nanni, A., (2001). ―Shear Strength of 
GFRP RC Beams and Slabs.‖  Proceedings of the Int. Conf. Composites in 
Construction-CCC 2001, Porto/Portugal, pp. 409-414. 
American Association of State Highway and Transportation Officials (AASHTO). 
(2012). AASHTO LRFD bridge design guide specifications, 6
th
 Ed., Washington, D.C. 
American Concrete Institute (ACI) Committee 318. (1995). ―Building Code 
Requirements for Reinforced Concrete.‖ ACI 318-95, Farmington Hills, MI: American 
Concrete Institute, 443 pp. 
American Concrete Institute (ACI) Committee 318. (2014). ―Building Code 
Requirements for Structural Concrete and Commentary.‖ ACI 318R-14, Farmington 
Hills, MI. 
American Concrete Institute (ACI) Committee 440. (2001). ―Guide for the Design and 
Construction of Concrete Reinforced with FRP Bars.‖ ACI 440.1R-01, American 
Concrete Institute, Farmington Hills, MI, 41 p. 
References 
 
239 
 
American Concrete Institute (ACI) Committee 440. (2003). ―Guide for the Design and 
Construction of Concrete Reinforced with FRP Bars.‖  ACI 440.1R-03, American 
Concrete Institute, Farmington Hills, MI., 41p. 
American Concrete Institute (ACI) Committee 440. (2004). ―Guide Test Methods for 
Fibre Reinforced Polymers (FRPs) for Reinforcing or Strengthening Concrete 
Structures.‖ ACI 440.3R-04, Farmington Hills, MI. 
American Concrete Institute (ACI) Committee 440. (2006). ―Guide for the Design and 
Construction of Concrete Reinforced with FRP Bars.‖ ACI 440.1R-06, American 
Concrete Institute, Farmington Hills, Mich., 44p. 
American Concrete Institute (ACI) Committee 440. (2008). ―Specification for Carbon 
and Glass Fiber-Reinforced Polymer (FRP) Bar Materials for Concrete 
Reinforcement.‖  ACI 440.6M-08, Farmington Hills, Mich. 
American Concrete Institute (ACI) Committee 440. (2015). ―Guide For The design and 
Construction of Concrete Reinforced with FRP Bars.‖ ACI 440.1R-15, Farmington 
Hills, MI. 
Andermatt, M. F., and Lubell, A. S. (2010). ―Concrete Deep Beam Reinforced with 
Internal FRP‖ structural engineering report no. 291. dep. of civil eng., uni. of Alberta.  
Andermatt, M. F., and Lubell, A. S. (2013a). ―Behavior of Concrete Deep Beams 
Reinforced with Internal Fiber-Reinforced Polymer—Experimental Study,‖ ACI 
Struct. J., 110(4), 585-594. 
 Andermatt, M. F., and Lubell, A. S. (2013b). ―Strength Modeling of Concrete Deep 
Beams Reinforced with Internal Fiber-Reinforced Polymer.‖ ACI Struct. J., 110(4), 
595-605. 
Ang, B.G., Priestly, M.J.N., and Paulay, T. (1989). ―Seismic Shear Strength of Circular 
Reinforced Concrete Columns.‖ ACI Struct. J., 86(1), 45–59. 
References 
 
240 
 
ASCE-ACI Committee 326. (1962). ―Shear and Diagonal Tension.‖ ACI Journal 
Proceeding, Vol. 59(1, 2, and 3). 
ASCE-ACI Committee 426. (1973). ―The Shear Strength of Reinforced Concrete 
Members.‖ ASCE Proceedings, Vol. 99, ST6, 1091-1187. 
ASCE-ACI Committee 445, (1998). ―Recent Approaches to Shear Design of Structural 
Concrete.‖ Journal of Structural Engineering, ASCE, 124(12), 1375-1417. 
ASTM. (2008). ―Standard Test Method for Compressive Properties of Polymer Matrix 
Composite Materials with Unsupported Gage Section by Shear Loading.‖ ASTM 
D3410, West Conshohocken, Pa. 
ASTM. (2011). ―Tensile Properties of Fiber Reinforced Polymer Matrix Composite 
Bars.‖ ASTM D7205, West Conshohocken, PA. 
ASTM. (2014). ―Standard Specification for Deformed and Plain Carbon-Steel Bars for 
Concrete Reinforcement.‖ ASTM A615, West Conshohocken, Pa.  
Benmokrane, B., (1997). ―Bond Strength of FRP Rebar Splices.‖ Proceedings of the 
Third International Symposium on Non-Metallic (FRP) Reinforcement for Concrete 
Structures (FRPRCS-3), Japan Concrete Institute, Sapporo, Japan, 2, 405-412. 
Benmokrane, B., El-Salakawy, E., El-Ragaby, A., and El-Gamal, S. (2007). 
―Performance Evaluation of Innovative Concrete Bridge Deck Slabs Reinforced with 
Fibre Reinforced Polymer Bars.‖ Can. J. Civ. Eng., 34(3), 298–310.  
Benmokrane, B., El-Salakawy, E., El-Ragaby, A., and Lackey, T. (2006). ―Designing and 
Testing of Concrete Bridge Decks Reinforced with Glass FRP Bars.‖ Journal of 
Bridge Engineering, 11(2), 217–229. 
Benmokrane, B., Ali, A., Mohamed, H., Robert, M., and ElSafty, A. (2015). ―Durability 
Performance and Service Life of CFCC Tendons Exposed to Elevated Temperature 
References 
 
241 
 
and Alkaline Environment.‖ J. Compos. Constr., 10.1061/(ASCE)CC.1943-
5614.0000606 , 04015043.  
Benmokrane, B., Ali, A., Mohamed, H., Robert, M., and ElSafty, A. (2014). ―Long Term 
Tensile Properties of Carbon FRP Cable.‖ 15th International European Bridge 
Conference, 8th-10th, July 2014, London, UK. 
 Bentz, E. C. (2000). ―Sectional Analysis of Reinforced Concrete Members.‖ PhD thesis, 
Department of Civil Engineering, University of Toronto, Toronto, ON, Canada, 184 
pp. 
Bentz, E. C., and Collins, M. P. (2006). ―Development of The 2004 CSA A23.3 Shear 
Provisions for Reinforced Concrete.‖ Can. J. Civ. Eng., 33(5), 521–534. 
Bentz, E. C., Massam, L., and Collins, M. P. (2010). ―Shear Strength of Large Concrete 
Members with FRP Reinforcement.‖ J. Compos. Constr., 10.1061/(ASCE)CC.1943-
5614.0000108, 637–646. 
BP Composites Ltd. (2014). Product technical specifications. Edmonton, Alberta, 
Canada.  Available from www.bpcomposites.com 
British Institution of Structural Engineers (BISE). (1999). ―Interim Guidance on The 
Design of Reinforced Concrete Structures using Fiber Composite Reinforcement.‖ 
IStructE, SETO Ltd., London. 
BS5400-4:1990 Steel, Concrete and Composite Bridges: Part 4: Code of practice for 
design of concrete bridges, London, British Standards Institution. 
BS8110:1997 Steel, Structural use of Concrete: Part 1: Code of practice for design and 
construction, London, British Standards Institution. 
References 
 
242 
 
Canadian Standards Association (CSA). (2002). ―Design and Construction of Building 
Components with Fibre Reinforced Polymers.‖ CAN/CSA-S806-02, Rexdale, Ontario, 
177p. 
Canadian Standards Association (CSA), Technical Committee on Reinforced Concrete 
Design. (2014). ―Design of Concrete Structures.‖ A23.3-04, Rexdale, Ontario, Canada. 
Canadian Standards Association (CSA). (2012). ―Design and Construction of Building 
Components with Fiber Reinforced Polymers.‖ CAN/CSAS806-12, Rexdale, Ontario, 
Canada. 
Canadian Standards Association (CSA). (2014). ―Canadian Highway Bridge Design 
Code.‖ CAN/CSA-S6-14, Rexdale, Ontario, Canada. 
Canadian Standards Association. (2010). ―Specification for Fibre-Reinforced Polymers.‖ 
CAN/CSA S807-10, Rexdale, Ontario, Canada, 44 p. 
Capon, M.J.F., and de Cossio, R.D. (1965). ―Diagonal Tension in Concrete Members of 
Circular Section.‖ Foreign Literature Study No.446, Illinois, Portland Cement 
Association, 257–280. 
Clarke, J.L., and Birjandi, F.K. (1993). ―The behaviour of Reinforced Concrete Circular 
Section in Shear.‖ J. Struct. Eng., 71(5), 73–81. 
Collins, M. and Kuchma, D. (1998).  ―Advances in Understanding Shear Performance of 
Concrete Structures.‖  Progress in Structural Engineering and Materials, 1(4), 1–10. 
Collins, M.P., Bentz, E.C., and Kim, Y.J. (2002). ―Shear Strength of Circular Reinforced 
Columns.‖  American Concrete Institute (ACI), SP 197(3), 45-85. 
Collins, M.P., Bentz, E.C., and Sherwood, E.G. (2008). ―Where is Shear Reinforcement 
Required? A review of Research Results and Design Procedures.‖ ACI Struct. J., 
105(6), 590–600. 
References 
 
243 
 
Collins, M.P., Bentz, E.C., Sherwood, E.G., and Xie, L. (2007). ―An adequate Theory for 
The shear Strength of Reinforced Concrete Structures.‖ Morley Symposium on 
Concrete Plasticity and its Applications, University of Cambridge, Cambridge, UK, 23 
July, 75–93. 
Deitz, D. H., Harik, I. E., and Gesund, H., (1999). ―One-Way Slabs Reinforced with 
Glass Fibre Reinforced Polymer Reinforcing Bars.‖  Proceedings of the 4th 
International Symposium, Fibre Reinforced Polymer Reinforcement for Reinforced 
Concrete Structures, MI., pp. 279-286. 
Deitz, D. H.; Harik, I. E.; and Gesund, H. (2003). ―Physical Properties of Glass Fiber 
Reinforced Polymer Rebars in Compression.‖ J. Compos. Constr., 7(4), 363-366. 
Demers, M., and Neale, K.W. (1998). ―Confinement of Reinforced Concrete Columns 
with Fibre Reinforced Composite Sheets–An experimental Study.‖  Can. J. Civ. Eng., 
Vol. 26, 226-241. 
Duranovic, N., Pilakoutas, K., and Waldron, P., (1997). ―Tests on Concrete Beams 
Reinforced with Glass Fibre Reinforced Plastic Bars.‖ Proceedings of the Third 
International Symposium on Non-Metallic (FRP) Reinforcement for Concrete 
Structures (FRPRCS-3), Japan Concrete Institute, Sapporo, Japan, Vol.2, 479-486. 
El-Salakawy, E., Benmokrane, B., and Desgagné, G. (2003). ―FRP Composite Bars for 
The concrete Deck Slab of Wotton Bridge.‖ Can. J. Civ. Eng., 30(5), 861–870. 
El-Salakawy, E.F. and Benmokrane, B. (2004). ―Serviceability of Concrete Bridge Deck 
Slabs Reinforced with FRP Composite Bars.‖ ACI Struct. J., 101(5), 727-736. 
El-Sayed, A. K. (2006). ―Concrete Contribution to The shear Resistance of FRP-
Reinforced Concrete Beams.‖ PhD Dissertation, Universite De Sherbrooke, Quebec, 
Canada. 
References 
 
244 
 
El-Sayed, A. K., and Benmokrane, B. (2008). ―Evaluation of The new Canadian highway 
Bridge Design Code Shear Provisions for Concrete Beams with Fiber-Reinforced 
Polymer Reinforcement.‖ Can. J. Civ. Eng., 35(6), 609–623. 
El-Sayed, A. K., and Soudki, K. (2011). ―Evaluation of Shear Design Equations of 
Concrete Beams with FRP Reinforcement.‖ J. Compos. Constr., 15(1), 9–20. 
El-Sayed, A. K., El-Salakawy, E. F., and Benmokrane, B. (2006). ―Shear Strength of 
FRP-Reinforced Concrete Beams without Transverse Reinforcement.‖ ACI Struct. J., 
103(2), 235–243.  
Faradji, M. J. and Diaz de Cossio, R. (1965). ―Diagonal Tension in Concrete Members of 
Circular Section.‖ (in Spanish), Institut de Ingenieria, Mexico, April, 257-280 
(Translation by Portland Cement Association, Foreign Literature Study No. 466).  
Farghaly, A. and Benmokrane, B. (2014). ―Shear Behavior of FRP-Reinforced Concrete 
Deep Beams without Web Reinforcement.‖ J. Compos. Constr., 17(6), 04013015. 
Faza, S. S., and GangaRao, H. V. S., (1990). ―Bending and Bond Behavior of Concrete 
Beams Reinforced with Plastic Rebars.‖ Transportation Research Record 1290, 185-
193. 
Feltham, I. (2004). ―Shear in Reinforced Concrete Piles and Circular.‖ J. Struct. Eng., 
84(11), 27–31. 
Feltham, I. (2006). ―Discussion of Theoretical Shear Strength of Concrete Columns Due 
to Transverse Steel‖ by Jang Hoon Kim and John B. Mander.‖ J. Struct. Eng., 
10.1061/(ASCE)0733-9445(2006)132:7(1178), 1178-1178. 
Fico, R., Prota, A., and Manfredi, G., (2008). ―Assessment of Eurocode-Like Design 
Equations for The shear Capacity of FRP-RC Members.‖ Compos. Eng. Part B, 39(5), 
792–806. 
References 
 
245 
 
Ghee, A. B., Priestley, M. J. N., and Paulay, T. (1989). ―Seismic Shear Strength of 
Circular Reinforced Concrete Columns.‖ ACI Struct. J. 86(1), 45-59. 
Guadagnini, M., Pilakoutas, K., and Waldron, P. (2006). ―Shear Resistance of FRP-RC 
Beams: Experimental Study.‖ J. Compos. Constr., 10.1061/ (ASCE)1090-
0268(2006)10:6(464), 464–473. 
Guadagnini, M., Pilkoutas, K., Waldron, P., (2003). ―Shear Performance of FRP 
Reinforced Concrete Beams.‖ Journal of Reinforced Plastics and Composites, 22(15), 
1389-1407. 
Hong, S., and Ha, T. (2012). ―Effective Capacity of Diagonal Strut for Shear Strength of 
Reinforced Concrete Beams without Shear Reinforcement.‖ ACI Struct. J., 109(2), 
139-148. 
Hoult, N. A., Sherwood, E. G., Bentz, E. C., and Collins, M. P. (2008). ―Does The use Of 
FRP Reinforcement Change The one-Way Shear Behavior of Reinforced Concrete 
Slabs‖ J. Compos. Constr., 12(2), 125–133. 
Institution of Structural Engineers (ISE), (1999). ―Interim Guidance on the Design of 
Reinforced Concrete Structures Using Fibre Composite Reinforcement.‖  London, 
UK, Published by SETO, ISBN 1 874266 47 6, 116p. 
Ishihara, K., Obara, T., Sato, Y., Ueda, T., and Kakuta, Y. (1997). ―Evaluation of 
Ultimate Strength of FRP Rods at Bent-Up Portion.‖ Proc., 3rd Int. Symp. on 
Nonmetallic (FRP) Reinforcement for Concrete Structures, Vol. 2, Japan Concrete 
Institute (JCI), Sapporo, Japan, 27–34. 
ISIS Canada (2009). ―Intelligent Sensing for Innovative Structures.‖ 
http://www.isiscanada.com 
References 
 
246 
 
Italian National Research Council (CNR), (2006). ―Guide for the Design and 
Construction of Concrete Structures Reinforced with Fibre-Reinforced Polymer Bars.‖ 
CNR-DT 203/2006, Rome, Italy, 35p. 
Jang, H. S., Kim, M. S., Cho, J. M., and Kim, C. H. (2009). ―Concrete Shear Strength of 
Beams Reinforced with FRP Bars According to Flexural Reinforcement Ratio and 
Shear Span to Depth Ratio.‖ FRPRCS-9, Sydney, Australia. 
Japan Society of Civil Engineers (JSCE). (1997). ―Recommendation for Design and 
Construction of Concrete Structures using Continuous Fiber Reinforcing Materials.‖ 
Tokyo. 
Jensen, U.G., Hoang, L.C., Joergensen, H. B., and Fabrin, L.S. (2010). ―Shear Strength of 
Heavily Reinforced Concrete Members with Circular Cross-Section.‖ J. Eng. Struct., 
32(3), 617–626.  
Johnson, D. T, and Sheikh, S. A. (2013). ―Performance of Bent Stirrup and Headed Glass 
Fibre Reinforced Polymer Bars in Concrete Structures.‖ Can. J. Civ. Eng., Vol. 40, 
1082–1090. 
Kani, G. N. J., (1967). ―Basic Facts Concerning Shear Failure.‖ ACI Struct. J,  63(6), 
675-692. 
Kani, M.W., Huggins, M.W., and Wittkopp, R.R. (1979). ―Kani on Shear in Reinforced 
Concrete.‖ University of Toronto Press, Toronto, Canada. 225 pp. 
Khalifa, J.U., and Collins, M.P. (1981). ―Circular Reinforced Concrete Members 
Subjected to Shear.‖ University of Toronto, Department of Civil Engineering, Dec, 
Publ. 81–08.  
 Kim, D. J., Lee, J.,  and Lee, Y. H. (2014). ―Effectiveness Factor of Strut-and-Tie Model 
for Concrete Deep Beams Reinforced with FRP Rebars.‖ Composite Part B., Vol. 56. 
117-125. 
References 
 
247 
 
Kim, J. K., and Park, Y. D., (1996). ―Prediction of Shear Strength of Reinforced Concrete 
Beams without Web Reinforcement.‖ ACI Mater. J., 93(3), 213–222. 
Kim, J. and Mander, J. (2005). ―Theoretical Shear Strength of Concrete Columns Due to 
Transverse Steel.‖ J. Struct. Eng., 131(1), 197–199. 
Kotsovos, M. D., and Lefas, I. D. (1990). ―Behavior of Reinforced Concrete Beams 
Designed in Compliance with The Concept of Compressive Force Path.‖ ACI Struct. 
J., 87(2), 127-139.  
Kowalsky, M.J., and Priestley, M.J.N., (2000). ―Improved Analytical Model for Shear 
Strength of Circular Reinforced Concrete Columns in Seismic Region.‖ ACI Struct. J., 
97(3), 388-396. 
Lee, J. H., Ko, S. H., and Choi, J. H. (2004). ―Shear Strength and Capacity Protection of 
RC Bridge Columns.‖ in Proceedings of ANCER 2004, Hawaii,Hawaii, USA. 
Macgregor, J. G. and Bartlett, F. M. (2000). ―Reinforced Concrete: Mechanics and 
Design.‖ First Canadian edition. 
 MacGregor, J. G., (1997). ―Reinforced Concrete: Mechanics and Design.‖ 3rd Edition, 
Prentice Hall, New Jersey, 799 p. 
MacGregor, J. G., and Wight, J. K. (2005). ―Reinforced Concrete: Mechanics and 
Design.‖ 4th Ed., Prentice-Hall, Upper Saddle River, NJ. 
Merta I. (2007). ―Shear Strength Model of Reinforced Concrete Circular Cross-Section 
Members.‖ J. Struct. Eng. Mechanics and Comput. 3, A. Zingoni (ed.), section 22, 
1297–1302. 
Merta, I., and Kolbitsch, A. (2006). ―Shear Area of RC Circular Cross-Section 
Members.‖ 31st Conference on our World in Concrete and Structures, Singapore. 
References 
 
248 
 
Michaluk C. R., Rizkalla, S., Tadros, G., and Benmokrane, B., (1998). ―Flexural 
Behaviour of One Way Concrete Slabs Reinforced by Fibre Reinforced Plastic 
Reinforcement.‖ Structural Journal, 95(3), 353-364. 
Mihaylov, B. I.; Bentz, E. C.; and Collins, M. P. (2010). ―Behavior of Large Deep Beams 
Subjected to Monotonic and Reversed Cyclic Shear.‖ ACI Struct. J., 107(6), p726. 
Mohamed, H. M., Afifi, M. Z., and Benmokrane, B. (2014). ―Performance Evaluation of 
Concrete Columns Reinforced Longitudinally with FRP Bars and Confined with FRP 
Hoops and Spirals under Axial Load.‖ J. Bridge Eng., 19(7), 04014020. 
Mohamed, H. and Benmokrane, B. (2014). ―Design and Performance of Reinforced 
Concrete Water Chlorination Tank Totally Reinforced with GFRP Bars: Case 
Study.‖ J. Compos. Constr., 18(1), 05013001. 
Mohamed, H.M. and Benmokrane, B. (2015a). ―Torsion Behavior of Concrete Beams 
Reinforced with Glass Fiber-Reinforced Polymer Bars and Stirrups.‖ ACI Struct. J., 
112(5), 543–552. 
Mohamed, H.M., and Benmokrane, B. (2015b). ―Make the Case: The Use of FRP Bars 
for Soft-Eyes in Construction of Tunnels.‖ Tunnels and Tunnelling, The official 
publication of the Tunnelling Association of Canada, Dec.-Jan. 2015, 35-40. 
Mohamed, H.M., Masmoudi,  R. (2010). ―Flexural Strength and Behavior of Steel And 
FRP-Reinforced Concrete-Filled FRP Tube Beams.‖ J. Eng. Struct. 32(11), 3789–
3800. 
NACE International. ―Corrosion Costs and Preventive Strategies in the United States.‖ 
Publication No. FHWA-RD-01-156, National Association for Corrosion Engineers, 
(www.nace.org). 
Nagasaka T., H. Fukuyama, and M. Tanigaki, (1993).―Shear Performance of Concrete 
Beams Reinforced with FRP Stirrups.‖ ACI Special Publications, Vol. 138, 789-811. 
References 
 
249 
 
Nanni, A., and Faza, S. (2002). ―Designing and Constructing with FRP Bars: An 
emerging Technology.‖ ACI Concrete Int., 24(11), 53–58 
Orr, J.J., Darby, A.P., Ibell, T.J., Denton, S.R., Shave, J.D. (2010). ―Shear Design of 
Circular Concrete Sections using The Eurocode 2 Truss Model.‖ Struct. Eng., 88 (23-
24), 26-33. 
Priestley, M., Verma, R., and Xiao, Y. (1996). ―Closure to ―Seismic Shear Strength of 
Reinforced Concrete Columns.‖ by M. J. Nigel Priestley, Ravindra Verma, and Yan 
Xiao.‖ J. Struct. Eng., 122(4), 464–467. 
Priestley, M.J.N., Verma, R., and Xiao, Y. (1994). ―Seismic Shear Strength of Circular 
Reinforced Concrete Columns.‖ J. Struct. Eng., 120(8), 2310–2329. 
Pultrall, Inc. (2012). Composite reinforcing rods technical data sheet, Thetford Mines, 
Canada 
Razaqpur, A. G., and Isgor, O. B. (2006). ―Proposed Shear Design Method for FRP-
Reinforced Concrete Members without Stirrups.‖ ACI Struct. J., 103(6), 93–102. 
Razaqpur, A. G., Isgor, B. 0., Greenaway, S., and Selley, A. (2004), ―Concrete 
Contribution to the Shear Resistance of Fibre Reinforced Polymer Reinforced 
Concrete Members.‖ J. Compos. Constr, ASCE, 8(5), 452-460. 
Razaqpur, A. and Spadea, S. (2015). ―Shear Strength of FRP Reinforced Concrete 
Members with Stirrups.‖  J. Compos. Constr., 19(1), 04014025. 
Razaqpur, A., Shedid, M., and Isgor, B. (2011). ―Shear Strength of Fiber-Reinforced 
Polymer Reinforced Concrete Beams Subject to Unsymmetric Loading.‖ J. Compos. 
Constr., 10.1061/(ASCE)CC.1943-5614.0000184, 500-512. 
Reineek, K. H. (1991). ―Ultimate Shear Force of Structural Concrete Members without 
Transverse Reinforcement Derived From A mechanical Model.‖ ACI Struct. J., 85(5).  
References 
 
250 
 
Rizkalla, S., Hassan, T. , and Hassan, N.,  (2003). ―Design Recommendations for the use 
of FRP for Reinforcement and Strengthening of Concrete Structures.‖ Journal of 
Progress in Structural Engineering and Materials, Vol. 5, No. 1, pp. 16-28. 
Shehata, E., Morphy, R., and Rizkalla, S. (2000). ―Fibre Reinforced Polymer Shear 
Reinforcement for Concrete Members: Behaviour and Design Guidelines.‖ Can. J. 
Civ. Eng., 27(5), 859–872. 
Shehata, E., Morphy, R., and Rizkalla, S. (2000). ―Fibre Reinforced Polymer Shear 
Reinforcement for Concrete Members: Behaviour and Design Guidelines.‖ Can. J. 
Civ. Eng., 27(5), 859–872. 
Sherwood, E.G., and Noghreh Khaja, M. (2012). ―The strain Effect In FRP-Reinforced 
Structures.‖ 6th Conference in Advanced Composite Materials in Bridges and 
Structures (ACMBS - VI), Kingston, Ontario. 22–25 May 2012. 
Shioya, T., Iguro, M., Nojiri, Y., Akiyama, H., and Okada, T. (1989). ―Shear Strength of 
Large Reinforced Concrete Beams. Fracture Mechanics: Application to Concrete.‖  SP 
118, American Concrete Institute, Detroit, 309 pp. 
Tariq, M., and Newhook, J. P., (2003), ―Shear Testing of FRP reinforced Concrete 
without Transverse Reinforcement.‖ Proceedings of CSCE 2003-Anuual Conference, 
Moncton, NB, Canada, (on CD-Rom), 10p. 
Taubi, J., and Neville, A. M., (1970). ― Resistance to Shear of Reinforced Concrete 
Beams, Part I: Beams without Web Reinforcement.‖  ACI Struct. J., 57(8), 193-220. 
Taylor, H. P. J. (1970). ―Investigation of The forces Carried Across Cracks in Reinforced 
Concrete Beams in Shear By Interlock of Aggregate.‖ Technical Report 42-447, 
Cement and Concrete Association, London, England. 
Teng, J.G., Chen, J.F., Smith, S.T., and Lam, L., (2002). ―FRP Strengthened RC 
Structures.‖John Wiley & Sons, New York, NY. 
References 
 
251 
 
Tottori, S., and Wakui, H. (1993). ―Shear Capacity of RC and PCB using FRP 
Reinforcement.‖ ACI Struct. J., SP-138, 615-632. 
Tureyen, A. K., and Frosch, R. J. (2002). ―Shear Tests of FRP-Reinforced Concrete 
Beams without Stirrups.‖ ACI Struct. J., 99(4), 427–434. 
Tureyen, A. K., and Frosch, R. J., (2003). ―Concrete Shear Strength: Another 
Perspective.‖ ACI Struct. J., Vol. 100, No.5, pp.609-615. 
Turmo, J., Ramos, G., and Aparicio, A.C. (2009). ―Shear Truss Analogy for Concrete 
Members of Solid and Hollow Circularcross Section.‖ J. Eng. Struct. 31(2), 455–465. 
Vecchio, F. J., and Collins, M. P. (1986). ― The modified Compression Field Theory for 
Reinforced Concrete Element Subjected to Shear.‖ ACI Journal Proceedings, 83(2). 
Vijay, P. V., Kumar, S. V., and GangaRao, V. S., (1996). ―Shear and Ductility Behavior 
of Concrete Beams Reinforced with GFRP Re-bars," Proceeding of the 2nd 
International Conference, Advanced Composite Materials in Bridges and Structures 
(ACMBS-11), Montreal, Editor: El-Badry, M.M., August 11-14, pp. 217-226. 
Winter, G., and Nilson, A., (1979). ―Design of Concrete Structures.‖ 9th Edition, 
MacGraw-Hill Book Company, New York, 647p. 
Xiao, Y., (2004). ―Applications of FRP Composites in Concrete Columns.‖  Journal of 
Advances in Structural Engineering, 7(4), 335–343. 
Yost, J. R., Goodspeed, C. H., and Schmeckpeper, E. R. (2001). ―Flexural Performance 
of Concrete Beams Reinforced with FRP Grids.‖ J. Compos. Constr., 5(1), 18–25. 
Zsutty, T., (1968). ―Beam Shear Strength Prediction by Analysis of Existing Data.‖ ACI 
Struct. J., 65(11), 943-951. 
 
References 
 
252 
 
 
  
 
 
 
 
 
 
 
 
 
Appendix 
 
253 
 
APPENDIX (A) 
Shear Capacity 
Example: load calculation of specimen # B2.6-S0.35: 
49.5cf MPa  , Ef = 62.8 GPa, Efv = 47 GPa, s = 150 mm, D = 500 mm, Afv = 2x127 = 254 
mm
2
, rb = 210 mm, db = 12.7 mm, ffu = 1050 MPa (shear reinforcement), Ec = 31.63 Gpa, 
λ = Øc = Øf = 1.0  
d = (D/2)+ (Dr/π) = (500/2)+(397.3/3.14) = 377 mm   
 
ACI 440.1R-15 
5 285
0.00756
500 377
frp
f
A x
bxd x
     
62.8
1.98
31.63
f
f
c
E
n
E
    
2 22 ( ) 2(0.01497) (0.01497) 0.01497 0.158f f f f f fk n n n          
(2 5) (2 / 5) 0.158 49.5 500 377 /1000 83.81c wcfV k f b d x x x x kN    
(0.05 / 0.3) (0.05 210 /12.7 0.3) 1050 1183 105 0fu bent b b fu fuf r d f x x MPa f MPa       
Take ffu bent = ffu = 1050 MPa 
0.004 0.004 47000 188fv fv fu bentf E x MPa f     
( )sin (254 188 377 /150)sin80.3 118265 118.27sf fv fvV A f d s x x N kN     
83.81 118.27 202.1pred cf sfV V V kN      
CAN/CSA-S806-12 
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      .  =  = 377 980 0.62  1 .0    m f fk V d M d a    
   
1 1
3 362.8 1001  0 0.00756 8. =1 80r f f x xk E     
dv = greater value of 0.72D or 0.9d =360 mm 
2
min 0.07 392.9
0.4
w
c
u
s
f
b s
A f mm
f
 
 
750 (450 )  =750 (450 377) 0.907   1.0sk d      
 
1 1
3 3
m r0.05 λ      0.05 1 1 0.62 8.80 (49.5) 500 360 0.907 /1000 16 = 3.7c scf c w vV K K b d K x x x x x xf x x kN  
 
0.22 291.77 0.11 145.88c w v cf c w vf b d kN V f b d kN ok     
( )cotsf f fv fv vV A f d s   
0.005 0.005 47000 235 0.4fv fv fuf E x MPa f     
( / 1)
0.0037
2
f
x
f f
V a d
E A


   
30 7000 30 7000 0.0037 55.9ox x       
(1 254 235 360 150)cot 55.9 96.99sfV x x x kN   
164 97 261pred cf sfV V V kN      
CAN/CSA-S6-14 
0.4 1300
2.5( . )
(1 1500 ) (1000
 
)
cr w v
x z
cf
e
f b d
s
V
 

 
0.4 49.5 2.84crf MPa 
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300zes mm
 
( / 1)
0.0030
2
f
x
f f
V a d
E A


   
0.4 1300
2.5( . )2.814 500 360 /1000 92.06
(1 1500 .003) (1000 3
 
00)
cf x x kN
x
V  
 
 
(30 7000 )(0.88 / 2500) (30 7000 0.003)(0.88 300 / 2500) 50ox zes x         
0.004 0.004 47000 188 1183fv fv fu bentf E x MPa f MPa      
(cot cot )sin 1 254 188 360(cot 50 cot80.3)sin80.3 150 114.3sf f fv fv vV A f d s x x x MPa         
92.06 114.3 206.32pred cf sfV V V kN      
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APPENDIX (B) 
Flexural Capacity 
The flexural capacity of circular section is calculated based on the sectional analysis as 
the following: 
1- Assuming a sensible neutral axis depth.  
2- The strain in the concrete at each layer of reinforcement is determined. 
3- The compression or tension forces in the reinforcement are obtained. 
4- The compressive and tensile forces in the section are balanced to achieve 
equilibrium by iterating the neutral axis depth. 
5- The compressive and tensile forces are located at distances yc and yt, respectveily, 
from the neutral axis.  
6- The flexural caopacity is determined. 
Table A: Predicted Values for Flexural and Shear Capacity of Circular Tested Specimens 
Specimen 
 ID 
 cf   
(MPa)  
a/d  
 
Material 
type 
Longitudinal 
reinforcement 
Shear reinforcement Shear 
capacity 
Vu (kN) 
Flexural 
capacity 
Pu (kN) 
(Vu / Pu)  
ratio No. of 
bars 
fl  
(%) 
Bar # 
(mm) 
S 
(mm) 
fv  
(%) 
BG1.5 38.1 2.6 GFRP
*
 10 #6 1.5 -- -- -- 136 392 0.35 
BG2.5 38.1 2.6 GFRP
*
 18 #6 2.5 -- -- -- 151 448 0.34 
BG3.5 38.1 2.6 GFRP
*
 24 #6 3.5 -- -- -- 166 530 0.31 
BG4-200 39.3 2.6 GFRP
*
 10 #6 1.5 #4 200 0.26 232 392 0.60 
BG4-150 39.3 2.6 GFRP
*
 10 #6 1.5 #4 150 0.35 254 392 0.65 
BG4-100 39.3 2.6 GFRP
*
 10 #6 1.5 #4 100 0.51 316 392 0.80 
BG5-150 39.3 2.6 GFRP
*
 10 #6 1.5 #5 150 0.53 320 392 0.82 
BG5-100 39.3 2.6 GFRP
*
 10 #6 1.5 #5 100 0.79 388 392 0.99 
B2.6-S0.26 49.4 2.6 GFRP
**
 10 #6 1.5 #4 200 0.26 243 392 0.62 
B2.6-S0.35 49.4 2.6 GFRP
**
 10 #6 1.5 #4 150 0.35 261 392 0.67 
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B2.6-S0.53 49.4 2.6 GFRP
**
 10 #6 1.5 #5 150 0.53 325 392 0.83 
B3.0-S0.35 49.4 3.0 GFRP
**
 10 #6 1.5 #4 150 0.35 233 392 0.60 
B2.0-S0.35 49.4 2.0 GFRP
**
 10 #6 1.5 #4 150 0.35 318 392 0.81 
B1.6-S0.35 49.4 1.5 GFRP
**
 10 #6 1.5 #4 150 0.35 512 392 1.30 
BC1.5 36.7 2.6 CFRP 16 #5 1.5 -- -- -- 164 564 0.30 
BC-200 36.7 2.6 CFRP 16 #5 1.5 #4 200 0.26 434 564 0.77 
BC-150 36.7 2.6 CFRP 16#5 1.5 #4 150 0.35 485 564 0.86 
BC-100 36.7 2.6 CFRP 16#5 1.5 #4 100 0.51 563 564 0.99 
 
